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Follicle-stimulating hormone (FSH) and luteinizing hormone (LH) are both 
important for regulating vertebrate ovarian development and function, and their 
expression and secretion are in turn subject to the control by multiple neuroendocrine 
and endocrine factors. Apart from gonadotropin-releasing hormone (GnRH), 
steroids such as estrogens from the gonads and local growth factors such as activin 
also play important roles in the differential regulation of gonadotropin subunits. 
Although the involvement of activin and estrogens in gonadotropin biosynthesis has 
been well documented, the information about their molecular mechanisms is rather 
limited, particularly in lower vertebrates. The present project therefore aims at 
investigating the involvement of activin transcription factors Smads and estrogen 
receptors (ER) in controlling zebraflsh FSHp and LHP promoter activity and 
localising the potential c/^-regulatory elements that respond to their signaling. 
The 5，flanking promoter regions ofzebrafish FSHp (-4500 bp) and LHp (-1700 bp) 
genes were first cloned by genome walking. The functionality of the promoters was 
then tested by transfecting the reporter constructs expressing SEAP (secreted human 
placental alkaline phosphatase) into the LPT2 cells, a mouse gonadotroph cell line, 
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together with the constructs expressing Smads (Smad2, 3, 4 and 7) and/or ERs (ERa, 
pA and (3B). The results demonstrated that the activin/Smads and estrogen/ERs 
signaling pathways differentially regulated the promoter activities of zebrafish FSHp 
and LHp genes. Activin/Smads pathway stimulated FSHP promoter but slightly 
suppressed that of LHp. In contrast, the estrogen/ERs pathway inhibited FSHp but 
enhanced LHp promoter activity. Promoter analysis and site-directed mutagenesis 
have been performed and several potential cw-regulatory Smad-response (SRE) and 
estrogen-response elements (ERE) have been identified in the two promoters. 
These results have not only confirmed our previous findings in the goldfish on 
activin regulation of FSHp and LHp expression, but also provided a platform for 
further analysis of the molecular mechanisms underlying the regulation of 










• - ... c- -
- - - . . . . . -• 
動子的活動，同時嘗試定位兩種促性腺激素啓動子上對這些信號傳導分子響應 
的順式調控元件。 
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Chapter 1 General Introduction 
1.1 Gonadotropins 
1.1.1 Structure 
Pituitary gonadotropins (GTHs) include follicle-stimulating hormone (FSH) and 
luteinizing hormone (LH). They belong to the glycoprotein hormone family, which 
also includes thyroid-stimulating hormone in the pituitary and chorionic 
gonadotropin in the placenta. The gonadotropins are heterodimeric proteins, 
consisting of two non-covalently linked and N-glycosylated subunits. Both FSH 
and LH share a common a subunit, but with distinct p subunits, which are important 
for the specific biological activity of each hormone. Although different subunits are 
expressed in a coordinated manner, each subunit is encoded by its own gene and 
responds to various stimuli independently. 
In tdeosts，FSH and LH were previously referred to as GTH-I and GTH-II， 
respectively. It had been originally speculated that only one type of GTH was able 
to regulate the whole process of reproduction in fish, until two chemically distinct 
GTHs were purified and characterized in the chum salmon in 1988 (1). Since then, 
two GTHs have been isolated or their subunits cloned from many other fish species, 
including ooho salmon (2)，common carp (3), goldfish (4)，Japanese eel (5), gilthead 
3i©abream (6) and rainbow trout (7). Recently, the subunits of zebrafish FSH and 
LH have been cloned and characterized in our laboratory (8). 
1.1.2 Function 
Gonadotropins (FSH and LH), are secreted by the gonadotrophs of the anterior 
pituitary and play crucial roles in reproductive development and function by 
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regulating steroidogenesis, gametogenesis and ovulation. Although it was initially 
suggested that FSH and LH have similar activities in fish，they have been found to 
be expressed differentially at different times of the reproductive cycle (9，10). The 
differential patterns of expression suggest that FSH and LH play different functional 
roles. It has been proposed based on the evidence in salmonids that FSH plays a 
major role in regulating gametogenesis and vitellogenesis in early reproductive 
stages, while LH mainly functions at later stages and works by regulating final 
gamete maturation, spermiation and ovulation (2, 11). 
It is well documented in vertebrates that FSH and LH act through their specific 
receptors located in the gonads. In female teleosts such as coho salmon, FSH 
receptors are located on both theca and granulose cells surrounding the oocytes (12， 
13). The granulose cells, under FSH stimulation, produce estradiol, which in turn 
acts on the liver to stimulate the production of yolk protein precursor, vitellogenin. 
FSH also stimulates the ovarian uptake of vitellogenin and hence promotes oocyte 
growth (14-16). However, LH receptors are expressed in the theca cells only (12, 
13)，where production of androgenic precursors occurs. LH promotes the synthesis 
of 17a,20p-dihydroxy-4-pregnen-3-one (17a, 20(3-DHP), which is the most potent 
factor that induces final oocyte maturation in several fish species, including salmonid 
fishes (16). 
1.1.3 Regulation 
Three major groups of factors are involved in regulating the expression of 
gonadotropins: gonadotropin-releasing hormone (GnRH) and dopamine from the 
hypothalamus, sex steroids (estrogens and androgens) from the gonads and paracrine 
gonadal peptides (e.g., activin, inhibin) from the pituitary. 
2 
1.1.3.1 Gonadotropin-releasing hormone (GnRH) 
Gonadotropin-releasing hormone (GnRH) is produced from the hypothalamus, 
released into the hypophyseal portal system and delivered to the anterior pituitary in 
mammals. After binding to its cognate receptors on the gonadotroph cell surface, 
GnRH triggers the expression and release of FSH and LH. In teleosts fish, 
increases in the expression of a, FSHp and LHp subunits have been observed upon 
GnRH treatment, both in vivo and in vitro. In most cases, the stimulatory effect of 
GnRH on LHP expression was higher than that of FSHp (17，18). 
The secretion of GnRH is of pulsatile nature with variation in frequency and 
amplitude, depending on the hormonal status and the stage of reproductive cycle. 
Both in vivo and in vitro experiments showed that GnRH pulse frequencies 
differentially regulate FSHP and LHp expression (19，20). Faster GnRH pulses 
preferentially induce LHP expression, while slower GnRH pulses lead to higher 
FSHP expression (21). Such differential regulation of gonadotropins by GnRH 
suggests distinct regulatory mechanisms for controlling the expression of these two 
genes. 
GnRH signals through distinct member receptors, which are subject to regulation by 
both endocrine and local factors. Several factors are involved in the regulation of 
GnRH receptors. Estradiol can up-regulate the expression of GnRH receptors while 
itihibin down-regulates them (22). Moreover, GnRH receptors can also be 
regulated by its ligand, GnRH itself. Using a GnRH receptor-expressing pituitary 
cell line, it was found that the expression of GnRH receptors was increased by GnRH 
at high pulse frequencies that preferentially activate LH(3 expression, while lower 
levels of GnRH receptors were expressed at lower GnRH pulse frequencies that 
3 
activate FSHp expression (23). Thus, it has been speculated that the differential 
regulation of gonadotropin subunit genes by pulsatile GnRH might be due, in part, to 
the differences in GnRH receptor expression (24). 
In fish, as recently reviewed by Yaron et al (25)，GnRH might regulate a, FSHp and 
LHP expression through differential signaling cascades. GnRH stimulates both a 
and LHp expression via the PKC-ERK and PKA-ERK cascade, while the expression 
of FSHp is activated through a PKA-dependent but ERK-independent cascade. 
1.1.3.2 Dopamine 
Other than GnRH, dopamine released by the hypothalamus also works on the 
gonadotrophs to regulate the expression of FSH and LH in teleosts. However, most 
studies on dopamine effects have been focused on the regulation of basal or 
GnRH-induced LH secretion and expression. 
• - • • - ' L- . . . . . - ” . . - - 、 . 
Intraperitoneal injection of dopamine or dopamine treatment of cultured pituitary 
cells decreased serum LH levels or abolish the stimulatory effect of GnRH on LH 
secretion, as demonstrated in goldfish (26-31) and tilapia (32). Besides the direct 
effect on LH secretion in fish, in vitro application of dopamine also resulted in 
decreased GnRH release in rats (33), lowered GnRH receptor expression in tilapia 
(32) and GTH a expression in aT3 cells (34). These effects would indirectly 
influence gonadotropin expression. 
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1.1.3.3 Sex steroids 
1.1.3.3.1 Functions 
The gonadotropins, apart from being regulated by GnRH, are also controlled by 
complex steroid feedback mechanisms. Both FSH and LH play important roles in 
promoting the production of sex steroids in the gonads. The sex steroids produced, 
in turn, act at both the hypothalamus and pituitary levels to exert both positive and 
negative feedback effects on gonadotropin expression. 
In mammals, negative feedback effects of gonadal steroids have been demonstrated 
in many studies. In rats, gonadoectomy in both sexes resulted in dramatic increases 
in serum FSH and LH levels or FSHp and LHp mRNA expression, whereas 
replacement with estrogen or testosterone reversed the response (35-38). Besides, 
when the transgenic mice carrying stably integrated bovine LHp/CAT reporter gene 
were treated with estrogen, the CAT transgene activity drastically decreased (39). 
However, in vitro treatment of cultured rat pituitary cells with estrogen significantly 
stimulated LH|3 transcription (40). 
In teleosts, both positive and negative feedback effects of steroids on gonadotropin 
expression and secretion have been reported. Again, most of the studies on steroid 
regulation of gonadotropin biosynthesis have been focused on LH. Ovariectomy in 
rainbow trout and coho salmon resulted in an up-regulation of LH expression (41， 
42); however, castration of Atlantic salmon decreased LH levels (43). Implantation 
or injection of estrogen resulted in significant up-regulation of LHp expression or 
increase in serum LH level in many fish species, including rainbow trout (44)， 
goldfish (45)，coho salmon (46)，black porgy (47), Mediterranean sea bass (48) and 
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European eel (49). While in vitro treatment of cultured pituitary cells resulted in 
significant increase of LHp expression in goldfish (45), rainbow trout (50) and 
African catfish (51). Other than estrogen, testosterone implantation has also been 
performed in coho salmon (46)，goldfish (52), Mediterranean sea bass (48) and 
European eel (49). Similar to the situations with estrogen implantation, testosterone 
implantation significantly increased LH expression. Although the effects of 
gonadal steroids on pituitary gonadotropin biosynthesis have been well documented 
in many fish species, the results from gonadectomy experiments, either in vivo or in 
vitro have been rather contradictory and confusing. 
Compared with LH, studies on the regulation of FSH by gonadal steroids have been 
scarcer. Gonadectomy in Atlantic salmon resulted in decreased plasma and 
pituitary FSH level, suggesting positive feedback effects by gonadal steroids (43). 
However, similar experiments performed in coho salmon (41) gave contradictory 
results, i.e., the FSH level was significantly increased. Estrogen implantation or 
injection in several fish species, such as rainbow trout (50), coho salmon (41) and 
Mediterranean sea bass (48)，decreased FSH biosynthesis. While in goldfish (52), 
both estrogen injection and in vitro treatment of cultured pituitary cells with estrogen 
resulted in increased FSH expression. Testosterone implantation in coho salmon 
(41) and Mediterranean sea bass (48) down regulated FSH levels. 
In most cases as mentioned above, estrogen treatments caused down-regulation of 
FSH expression but increase in LH expression (44，46，48). It has been suggested 
that the regulation of gonadotropins by steroids varies greatly among different fish 
species, as well as at different developmental and maturation stages of the fishes 
used. Moreover, seasonal environmental cues also play important roles in 
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influencing steroid effects. It is hard to conclude the regulatory effects of gonadal 
steroids on either FSH or LH by using these in vivo and in vitro experiments. In 
order to understand more about steroid actions, studies on the molecular mechanisms 
by which gonadal steroids, e.g., estrogen, act on the gonadotroph cells are necessary. 
1.1.3.3.2 Working mechanism~Estrogen signaling pathway 
The steroid hormone 17P-estradiol (E2) from the gonads is one of the key regulators 
of gonadotropin expression. The biological effects of E2 are mediated through two 
distinct intracellular receptors, ERa and ERp； each is encoded by a unique gene. 
Both ERa and ERP belong to the Class I nuclear steroid/thyroid receptor superfamily 
(53). The binding of ligand (E2) to the ERs in the cytoplasm induces an activating 
conformational change and promotes dimerization of the ERs to form the E2-ER 
complex. This complex is then able to bind to specific target sequences of DNA， 
the estrogen responsive elements (EREs), which are cw-acting enhancers located 
within the regulatory regions of the target genes, to cause an up- or down- regulation 
of their transcription. The ERs can also recruit and interact with a variety of 
eo-factors to influence gene expression (54, 55). 
Generally, although both ERa and ERp exhibit a high degree of homology, they have 
difFarent affinities for different responsive elements (56, 57) or co-factors (58), and 
thus have different degree of transcriptional effect even at the same site. The 
difTerance in recruiting co-activators or co-repressors by ER subtypes greatly alters 
ER signaling (58). ERa and ERp can form both homo- and hetero-dimers before 
attaching to DNA. Although in most cases both ERs are positive regulators of 
ERE-reporter constructs in cultured mammalian cells with ERa usually exhibiting 
higher activities (59, 60), it has been found that the ERp can preferentially 
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heterodimerize with ERa and therefore inhibit the effects of the later in other cases 
(61，62). Thus, it has been proposed that the overall estrogen responsiveness and 
effect may be determined by the ERa.ERp ratio present in the tissue (60). 
Besides ER subtypes involved, variation in the ERE sequences on the promoter can 
also substantially alter ER-ERE interaction and thus the effects on gene transcription. 
Although a typical ERE contains perfect palindromic sequence 
AGGTCAiuinTGACC, as demonstrated in African clawed frog Xenopus laevis genes 
encoding vitellogenin Al, A2, B1 and B2 (62), many other estrogen-regulated genes 
do not contain a palindromic ERE sequence on their promoters. Some contain 
imperfect ERE sequences or only half ERE sites on their promoters (63，64), through 
which estrogen effect is mediated. Generally, promoters that harbor these imperfect 
sequences have weaker binding affinity for ERs and lower transcriptional response to 
estrogen (65). 
； • - • • 
Apart from the activation by E2 binding, it has been found that ERs can also be 
modulated by other extracellular signals in the absence of E2. Evidence from a 
variety of sources have shown that EGF (66，67)，IGF-1 (68)，GnRH (69) and 
activators of particular intracellular signaling pathway, such as PKA (70)，PKC (71) 
and MAPK (72)，can also activate ERs in the estrogen-independent manner (73，74). 
Although ERs normally work by binding to the perfect or imperfect ERE sequences 
or less effectively to half ERE sites, there have been reports that E2-ER induction of 
genes also occurs in some promoters with no ERE-like sequence. Indeed, 
agonist-bound ER can regulate gene transcription without direct DNA binding. 
Through interacting and binding of E2-ER complex to other transcription factors (e.g., 
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N F K B , SP-1, AP-1 etc.,) (75-77), E2-ER can regulate gene transcription via these 
alternative transcription factor-binding sites. Notably, ER activation and repression 
of many genes are mediated through the interaction of ERs with cJun/cFos at the 
AP-1 binding sites (78-88), whereas several genes containing GC rich elements on 
their promoters are activated via the binding of ER/SP-1 complex (89-93). 
Estrogen is also known to have non-genomic effects, through cell-surface ER forms 
that are linked to intracellular signal transduction pathways, such as MAPK, PKA, 
NOS and PI3K pathways. The activation of these membrane receptors normally 
generates rapid tissue response (94-96). 
In summary, estrogen signaling depends not only on ER subtypes and variable ERE 
sequences on the promoters of target genes, but also on the cross-talk between ERs 
and the transcription factors of other signal transduction pathways. 
1.1.3.4 Gonadal peptides 
1.1.3.4.1 Functions 
Apart from GnRH and steroids, gonadal peptides, particularly activin and its related 
protein inhibin, which are produced in both gonads and the pituitary, are also 
involved in modulating the expression of FSH and LH. 
Activin, a member of the transforming growth factor-P (TGF-P) superfamily, is a 
dimer with two sulfhydryl bonds-linked p subunits. There are three kinds of activin, 
with homodimer of (3八 and pB subunits respectively giving activin A and activin B. 
Activin AB, on the other hand, is the heterodimer that contains both pA and PB 
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subunits. Inhibit! is a heterodimer consisting of a unique a subunit and an activin P 
subunit, and it exists as either inhibin A (aPA) or inhibin B (apB) (97-99). 
Activin and inhibin were initially isolated from the ovarian follicular fluid for their 
FSH-stimulating and -inhibiting activity respectively, using an in vitro pituitary cell 
culture system (97，98). Soon after this a third molecule with weak FSH-inhibiting 
activity was identified and named follistatin (100). Follistatin does not belong to 
the TGF-p superfamily; it is a single chain glycosylated polypeptide that binds 
activin with high affinity, and thus is an important modulator of activin function (100， 
101). 
In vivo injection of activin in the rat (102) and in vitro application to cultured rat 
pituitary cells (99, 103-105) resulted in great stimulation of basal and/or GnRH 
stimulated-FSH serum level and/or FSH mRNA expression. Similar in vivo and in 
vitro experiments on inhibin (102, 106-108) or follistatin (107-109)，on the contrary, 
demonstrated the suppression of FSH expression and FSH serum level. Incubation 
of cultured rat anterior pituitary cells with a mouse monoclonal antibody specific for 
activin B homodimer significantly attenuated the basal secretion of FSH in a 
concentration- and time-dependent manner (110)，suggesting a stimulatory role of 
pituitary-derived activin on FSH expression. Similar results have also been 
reported in the bullfrog (111) and other mammalian species including monJkey 
(112), wethers (113), heifers (114)，cows (115) and rabbit (116). In all these 
experiments, the expression of LH was not affected. In contrast to other 
mammalian counterparts, activin treatment of ovine pituitary cells dose-dependently 
suppressed GnRH-induced LH release (117)，whereas treatment with inhibin 
significantly enhanced GnRH-induced LH release (106). These data suggested for 
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the first time that the activin-inhibin system could differentially regulate the 
expression of both FSH and LH. 
Previous studies from our laboratory have demonstrated that both human 
recombinant activin A (118) and goldfish activin B (119) are able to stimulate FSH 
but inhibit LH expression in the goldfish, and its binding protein, follistatin, acts in 
an opposite way (118). An autocrine/paracrine activin system has been 
demonstrated to play an important role in regulating FSH biosynthesis in the 
pituitary of mammals (110). In the goldfish, activin pe subunit, all activin receptors 
examined (type IIA, IIB and type IB) and follistatin are expressed in the goldfish 
pituitary, thus strongly suggesting the existence of a local activin system (118). 
Using goldfish FSH(3 promoter, we have further proven that the regulation of FSH 
expression by activin is mediated at the promoter level (120). However, no 
information is available on the regulation of LHp expression by activin at the 
promoter level, 
IJJAJ Working mechanism—Activin signaling pathway 
Activin belongs to the transforming growth factor-p (TGF-(3) superfamily, which 
includes multiftinctional cytokines that activate intracellular signal transduction 
pathways by binding to four different types of serine/threonine kinase receptors 
(types lA, IB, IIA, and IIB). Upon activin stimulation, the initiation of signaling 
requires the formation of hateromeric receptor complex composed of both type II and 
type I receptors. The type II receptors are first activated by ligand binding, which 
then recruit type I receptors through phosphorylation using the intrinsic serine and 
threonine kinase. The phosphorylated type I receptor then in turn activates the 
intracellular substrates, Smad proteins, by phosphorylation with its intrinsic kinase 
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(121-124). So far, 10 different Smad proteins have been identified in vertebrates 
(Smad 1-10), of which Smad 2 and Smad 3 are specific for mediating activin 
signaling (125). Based on their structural and functional difference, Smad proteins 
are subdivided into three subclasses. Receptor-regulated Smads (R-Smads), including 
Smad 1, 2, 3, 5 and 8，contain a C-terminal Ser-Ser-X-Ser motif for phosphorylation 
by the type I receptor kinase. After phosphorylation, the R-Smads then form 
complex with the common-partner Smads (Co-Smads), of which Smad 4 and Smad 
10 (126-128) are the members. The complex then translocates to the nucleus and 
regulates target gene transcription. The third class of Smad proteins are the 
inhibitory Smads (I-Smads), with members Smad 6，7 and 9 (129). I-Smads can 
antagonize the signaling induced by ligand activation through interacting with the 
receptor complex to prevent phosphorylation of R-Smads or by interfering with the 
formation of R-Smad/Co-Smad complex. In the activin signaling pathway, Smad 2, 
3,4 and 7 are mainly involved. 
Both Smad 3 and Smad 4 are able to bind directly to the DNA motif “GTCT” or 
"AGAC" alone (130); however, recruitment of co-regulators and other transcription 
factors is important for Smads-regulated transcription through signaling cross-talk 
and stabilizing DNA/complex binding. Co-activators such as CBP/p300 and MSGl 
(123，131) can help Smads to regulate transcription positively, whereas co-repressors 
such as TGIF and c»Ski (132, 133) cooperate with Smads and negatively regulate 
gene transcription. Apart from co-regulators, a growing number of studies have 
shown the interaction of Smads with other transcription partners, for examples, 
FAST-1, FAST-2, ATF2, AP-1 (cJun/cFos), PEBP2/CBF, SIPI, vitamin D receptor, 
glucocorticoid receptor, Evi-1，Hoxc-8, and Gli3 etc (134-137), which help 
modulating the activity of Smads both positively and negatively. 
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1.2 Transcriptional regulation of pituitary gonadotropin subunit genes at the 
promoter level 
The expression of FSH and LH is regulated by a complex hormonal mechanism. 
As mentioned previously, gonadotropins are regulated by GnRH pulse frequency, 
activin/inhibin autocrine/paracrine system and complex steroid positive/negative 
feedback mechanisms. Although the level of FSH and LH can be regulated at 
multiple levels including transcription, mRNA stability, secretion and clearance, 
various studies have proven the roles of these factors in controlling FSH and LH 
gene expression at the promoter level. 
The investigation of transcription factors and their cognate DNA responsive elements 
is important for understanding the regulatory mechanisms by which FSH and LH 
subunits are controlled at the transcriptional level. Traditionally, these studies 
involve traiisgenesis or transfection of promoter-reporter constructs into primary 
culture of pituitary cells. However, as these methods were somehow 
labour-intensive and time-consuming, transfection experiments performed in specific 
cell lines have been employed more often in recent studies. 
1.2.1 Transcriptional regulation of mammalian glycoprotein a subunit 
The availability of the aT3 cell line (138), which is a pituitary gonadotroph cell line 
that expresses glycoprotein hormone a subunit, has aided promoter analysis 
©xperiments on this subunit. Because of this, the regulation of glycoprotein a 




The cw-regulatory elements that mediate the stimulatory effect of GnRH have been 
identified in the proximal promoter of glycoprotein a subunit in several species by 
transfection of a subunit promoter/reporter constructs into the pituitary cell lines 
followed by GnRH treatment. The human a promoter/LUC (luciferase) activity 
was stimulated by 3-fold upon GnRH treatment; however, desensitization occurred 
when the cells were continuously exposed to GnRH, which was likely due to the 
down-regulation of the protein kinase-C pathway (139). On the promoter of rat 
glycoprotein a subunit, the GnRH-responsive region lies between -411 and -375 bp. 
Two Ets-domain protein binding sites have been found in this region, and mutation 
of either one site significantly suppressed GnRH effect (140). Two elements 
located at -406/-399 bp and -337/-330 bp of the mouse a promoter (141) and within 
the proximal -346 bp of the human a promoter (142) have also been found to mediate 
GnRH response. 
Recently, increasing efforts have been spent on the study of transcription factors 
involved in GnRH stimulation of glycoprotein a subunit expression. By analyzing 
the immediate early gene responses under GnRH treatment, it has been shown that 
numerous genes significantly increase their expression in response to GnRH, 
including the activating transcription factor (ATF) 3，suggesting that transcription 
factors like ATF 3 might be involved in mediating the stimulatory effect of GnRH on 
glycoprotein a expression. Overexpression or silencing of ATF 3 resulted in 
stimulation or inhibition of human a promoter activities in transfected cells, thus 
confirming the functional role of ATF 3 (143). It has also been found that GnRH 
induces transcriptional activation by inducing the recruitment of ATF 3，c-Jun and 
c-Fos to the dual cAMP responsive elements (CREs) present on the human a 
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promoter. Mutation of these CREs or combined inhibition of GnRH-induced ERK 
and JNK signaling pathways completely abolished the transactivation effect of 
GnRH, further supporting the idea that GnRH transactivates the glycoprotein a 
promoter through the ERK and JNK pathways that employ transcription factors like 
ATF 3，c-Jun and c-Fos to activate the CREs present on the a promoter (143). 
广-
1.2.1.2 Activin 
Studies on the function of activin in regulating mouse glycoprotein a promoter have 
also been performed. Initial studies have located the activin responsive element 
(ARE) on the first -507 bp of the mouse a promoter (144). Inspection of this region 
showed that the effect of activin appeared to involve several segments of the 
promoter, one of which is the region of the pituitary glycoprotein hormone basal 
element (PGBE), Another study found that this PGBE was able to bind LIM 
homeodornain proteins. Overexpression of LIM proteins significantly up-regulated 
the expression of mouse a subunit, thus suggesting a role for LIM proteins in 
mediating the transactivation effect of activin on the glycoprotein a promoter (145). 
1,2,1.3 Steroids 
Estrogen treatment In vivo has profound inhibitory effect on glycoprotein a 
expression; however, the functional estrogen responsive element (ERE) has not been 
found in human glycoprotein a promoter (146). Furthermore, E2 treatment did not 
affect the a promoter-reporter activity in transfected aT3 cells, even with the 
co-transfection of ERs (147). These results suggest that E2 effect on a subunit 
expression might be mediated through GnRH at the hypothalamus. 
15 
Although the direct effect of E2 on glycoprotein a subunit expression has not been 
found, androgen has been proven to be important in the suppression of glycoprotein 
a expression in transient transfection experiments (147). A putative androgen 
responsive element (ARE) was identified in the proximal promoter of human 
glycoprotein a promoter, which could bind to androgen receptor (AR) directly. 
However, it was later found that the androgen effect was mainly mediated through an 
upstream CRE located on the glycoprotein a promoter (148)，which involves 
interaction of AR with transcription factors such as c-Jun and ATF-2 (149). 
1.2.2 Transcriptional regulation of mammalian FSHB and LHB subunits 
Apart from studying the transcriptional regulation of the glycoprotein a subunit, 
studies on the regulation of biologically specific FSHp and LHp subunits are 
comparatively more important for our overall understanding of gonadotropin 
expression. The aT3 cells are immature gonadotroph cell line that does not express 
mature FSHp and LHp. The use of transgenesis and primary pituitary cell culture 
in studying their transcriptional regulation has been problematic because these 
approaches are time-consuming and labour-intensive. In addition, the gonadotrophs 
that are able to express FSHP and LHP subunits only comprise about 5-10% of the 
pituitary cells, making the study of gonadotropin expression by transfection 
particularly difficult. 
Since the availability of the LpT2 cells, this problem has been solved (150). LpT2 
is a mature gonadotroph cell line obtained by targeted oncogenesis. The cells 
express not only FSHp and LHp subunits, but also important transcription factors 
that are involved in the regulation of gonadotropin expression, including 
steroidogenic factor 1 (SF-1), estrogen and progesterone receptors (151), 
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GnRH-receptor, activin Pe-subunit, activin receptors, follistatin and inhibin (152). 
1.2.2.1 Regulation of LHp expression by GnRH 
Compared with the regulation ofFSHp expression, the regulation of LHp expression 
has been better studied. Most of the studies on GnRH action have been performed 
on rat LHp promoter. Through transient transfection, it has been found that GnRH 
has drastic transactivating effect on LHp promoter (153). Analysis using 5' serial 
deletion and internal deletion constructs of LHp promoter, two GnRH responsive 
regions have been identified at -490/-352 and -207/-82 of the promoter (154). 
After confirming the stimulatory effect of GnRH on LHp expression, studies have 
been focused on finding the transcription factors and their corresponding responsive 
elements on rat LHp promoter that mediate GnRH stimulation effect. The 
identified transcription factors include SP-1, SF-1，Egr-1 and Pitx-1. 
1.2.2.1.1 Roles of SP-1 binding sites on LHP promoter 
Sequence analysis of the LHP promoter revealed the presence of two Spl binding 
sites that might contribute to the stimulatory effect of GnRH. Upon GnRH 
treatment, single mutations in either the CArG box (which overlaps with the 5，Sp-1 
site), 5' Sp-1, or 3' Sp-1 site effectively eliminated the GnRH effect (140). Thus, it 
was suggested that SP-1 proteins might work alone or with other transcription factors 
in mediating GnRH stimulation of LHp expression through the SP-1 sites on the LHp 
promoter. 
1.2.2.1.2 Effect of SF-1 on LHp expression 
Steroidogenic factor-1 (SF-1), is an orphan member of the nuclear receptor 
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superfamily of proteins (53). Using transgenesis, it has been found that SF-1 
knockout in mice resulted in deficient LHp production (155, 156). Transfection 
experiment has also demonstrated that SF-1 overexpression is able to enhance the 
(-209/+5) LHp promoter activity significantly by 56-fold in the transfected CV-1 
cells (157), suggesting that SF-1 may play a role in the regulation of LHp 
expression. 
1.2.2.1.3 Effect ofEgr-1 on LHp expression 
Early growth response protein Egr-1 is a zinc finger transcription factor and 
prototype of the family of egr genes (158, 159). These Egr proteins bind to the 
DNA sites that resemble the consensus site TGCG(T/G)(G/A)GG(C/A/T)G(G/T) 
(160). Egr-1 is also important for regulating LHp production in vivo, as Egr-1 
knockout also resulted in LHp deficiency in mice (161，162), similar to the effect of 
SF-1 knockout. In agreement with this, transfection of Egr-1 expression constructs 
along with the (-207/+5) rat LHp promoter reporter construct enhanced LHP 
promoter activity (163), suggesting a role for Egr-1 in the transcriptional regulation 
of LHP expression. 
1,2.2.1.4 Synergistic effect ofSP-1, SF-1 and Egr-1 on LHP expression 
Instead of working alone, the transcriptional factors mentioned above can act 
synergistically in stimulating LHp promoter activity. Co-transfection of SF-1 with 
Egr-1 markedly increased the stimulatory effect on LHp promoter when compared 
with the overexpression of SF-1 or Egr-1 alone (150-fold versus 14-fold and 12-fold, 
respectively) (164). On the rat LH(3 promoter, mutation of either Egr-1 or SF-1 
elements suppressed the GnRH stimulation, whereas mutation of both sites abrogated 
GnRH induction of LHP promoter activity (93). Furthermore, Spl, SF-1, and Egr-1 
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binding sites have been reported to be able to form a tripartite GnRH responsive 
element on the rat LHp promoter (165), which is crucial for mediating GnRH 
activation. 
1.2.2.1.5 Effect of Pitx-1 on LHfi expression 
Pituitary homeobox 1 (Pitx-1) is a member of the Ptx subfamily of 6/co/J-related 
homeodomain proteins, which binds to the consensus sequence TAA(T/G)CC. In 
Pitx-1 knockout mice, in situ hybridization and immunohistochemical analysis 
demonstrated a marked reduction in LHp mRNA in the gonadotrophs. When the 
LHP promoter-reporter construct harboring a mutant Pitx-1 element was transfected 
into the LpT2 cells, an attenuated transcriptional activity was observed (166). 
Pitx-1 has also been reported to have direct interaction with Egr-1 to synergistically 
enhance GnRH-stimulated LHp transcription (167). 
1.2.2.1.6 Effect of SF-1, Egr-1 and Pitx-1 on LHp expression in other mammalian 
species 
The transactivation effects of the above transcription factors have also been proved 
in other species. For example, SF-1 overexpression, through binding to the two 
SF-1 sites on the equine LHp promoter, resulted in enhanced promoter activity (168). 
Co-transfection of aT3—1 cells with an expression vector encoding SF-1 also 
induced binding site-dependent transcription of the bovine LHp promoter (169). 
Moreover, Egr-1 could interact directly with Pitx-1 and SF-1 to enhance human LHp 
transcription (170). 
1.2.2.L 7 Effect of other transcription factors on mammalian LHP expression 
Several other transcription factor or co-regulators have also been reported to be 
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essential in regulating LHp expression. These include NGFI-A, which cooperates 
with SF-1 in mediating the transactivation effect on LHp in the rat (163)，small 
nuclear RING finger protein (SNURF), which interacts with both Sp-1 and SF-1 in 
meditating GnRH stimulation of rat LHp expression (171)，and MIP-2A, which acts 
as a co-repressor to interfere with the synergistic effect of SF-1 and Pitxl on human 
LHp promoter (170). 
1.2.2.2 Regulation of LHp expression by steroids and activin 
Apart from GnRH, gonadal steroids can also transactivate the LHp promoter. 
When the rat LHp/CAT reporter construct was transfected into GH3 cells, E2 
treatment significantly enhanced CAT reporter activity. Sequence analysis has 
revealed the presence of a 15 bp ERE-like palindromic sequence 
(GGACACCATCTGTCC) between -1173 and -1159 of the promoter, which is able 
to bind ER-complex directly as demonstrated by gel retardation experiments (172). 
Besides, androgen treatment suppresses GnRH-stimulated rat LHP transcription 
through binding of androgen receptor (AR) with the Sp-1 sites on the distal 
GNRH-responsive promoter region of the rat LHP promoter (173). 
Studies concerning the direct effect of activin on transcriptional regulation of LHP 
are scarce. A recent study showed that activin A alone or synergistically with 
GnRH was able to transactivate the rat LHp expression (174). 
1.2.2.3 Regulation of FSHp expression by activin and GnRH 
Similar to the situation in regulating LHP expression, studies on the effects of activin, 
GnRH and steroids, and their corresponding signaling pathways in mediating 
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transcriptional regulation of FSH(3 have also been performed at the promoter level. 
In mammals, it has been found that the 5’ regulatory region of both ovine (152) and 
rat (175) FSHp gene is activated by activin treatment. Transfection experiments 
performed on rat showed that overexpression of Smad3, but not Smad2, increased 
the transcriptional activity of rat FSHp (175, 176)，suggesting the importance of 
Smad proteins in activin signaling to regulate FSHp expression. 
The activin responsive element (ARE) in the rat is located on the proximal (-338) 
FSHp promoter (175), while the transcriptional activation of the ovine FSHp by 
activin has been found to be mediated by two proximal AP-1 sites on the promoter 
(177), These two AP-1 sites have later been demonstrated to be important for 
mediating the transactivation effect of GnRH (178), which can synergistically work 
with activin in activating FSHp expression in both sheep (177) and rat (176). 
Unfortunately, studies on the regulation of FSHP gene by GnRH are scarce. 
1.2.2.4 Regulation of FSHp expression by steroids 
Apart from the regulation by activin and GnRH, FSHp expression has also been 
found to be down-regulated by E2 treatment. Co-transfection of the ovine 
FSHp/LUC reporter construct and ER expression construct into primary pituitary 
cultures caused a 50% reduction in the transcriptional activity of FSHp promoter 
upon E2 treatment. Deletion studies indicated that the proximal promoter region 
between -105 and -84 bp was necessary for mediating the inhibitory effect of E2 (83). 
Androgen, on the contrary, acts through two conserved androgen responsive 
elements on the ovine FSHp promoter to stimulate FSHp expression. Furthermore, 
it has been demonstrated that activin and androgen act synergistically in inducing 
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FSHp expression (179). 
1.2.2.5 Regulation of FSHp expression by other transcription factors 
Several other transcription factors are also able to transactivate the FSHp promoter. 
Pitx-2 is a member of the Z /^cozW-related homeodomain factor family, and when 
overexpressed, it is able to up-regulate both basal and activin-mediated rat FSHp 
expression (175). Beside, it has been found that SF-1 and the heterotrimeric 
transcription factor NF-Y can physically interact with each other to regulate 
cell-specific expression of mouse FSHP (180). Furthermore, the LIM-
homeodomain transcription factor LHX3 also induces FSHp transcription. Six 
LHX3-binding sites have been characterized on the mouse FSHp promoter and their 
importance in mediating LHX-3 response has been proven by site-directed 
mutagenesis (181). 
1.2.3 Transcriptional regulation of fish FSHB and LHp subunits 
To date, most of the studies on transcriptional regulation of gonadotropins expression 
at the promoter level have been performed in mammals. In teleosts, similar studies 
have only been performed in two fish species: chinook salmon and tilapia. 
The 1.7 kb 5' flanking region of tilapia FSHP has been cloned. Transfection of the 
promoter reporter constructs into cultured tilapia pituitary cells showed that the 
FSHp promoter activity could be increased by GnRH, suggesting a role for GnRH in 
controlling FSHp expression (182). Recently, a functional analysis of the 1.2 kb 
chinook salmon FSHp promoter was performed, and overexpression of AP-1, SF-1, 
ER-1 and Smad 1 showed that these factors were important in regulating FSHp 
expression (183). 
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Most of the studies on the regulation of chinook salmon have been performed on the 
LHp promoter. Approximately 3.5 kb of chinook salmon LHp promoter has been 
cloned (184)，and its transcriptional activity is significantly stimulated by E2 
treatment. In agreement with this, two estrogen responsive elements (EREs) have 
been identified on the promoter (50). 
Besides, SF-1 overexpression also significantly enhanced the activity of salmon LHp 
promoter, and co-expression wih ER further increased the expression level. Two 
putative SF-1 binding sites have been identified, and site-directed mutagenesis and 
transfection experiments proved that binding to the proximal ERE and the SF-1 sites 
was necessary for the synergistic effect and SF-1 and ER (185). 
Pitx-1 is also involved in the transactivation of salmon LHp expression. On the 
proximal LHp promoter, Pitx-1 synergistically activates LHp expression with SF-1 
alone or together with ER. Four Pitx-1 responsive elements on the distal promoter 
have been demonstrated to be involved in the regulation of the promoter activity by 
GnRH (186). 
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1.3 Project objectives and long-term significance 
In teleosts, as in mammals, gonadotropins play crucial roles in the regulation of 
gonadal development and function. Thus, understanding the regulation of 
gonadotropin biosynthesis has been one of the most active areas in reproductive 
physiology. Although, it is now clear that the biosynthesis and secretion of FSH 
and LH by the pituitary are tightly controlled by an interconnected system of 
stimulatory and inhibitory mechanisms involving neuroendocrine factors such as 
GnRH, paracrine regulators such as activin/inhibin and endocrine hormones such as 
gonadal steroids, the molecular mechanisms underlying the differential 
transcriptional regulation of the two gonadotropins are unclear, particularly in 
teleosts. 
The main objective of the present project, thus, is to reveal the molecular 
mechanisms by which the expression of FSHp and LHp genes is controlled at the 
promoter level, using zebrafish as the model. Recently, our laboratory has cloned 
and characterized all the subunits of zebrafish FSH and LH as well as their cognate 
receptors (GenBank accession No.: AY424301-AY424304), which opens the door 
towards further analysis of the brain-pituitary-gonadal axis at the moleculer level in 
this model organism. 
The zebrafish FSHp and LHp promoters were first cloned and sequences analyzed 
(Chapter 2)‘ The subsequent studies were then focused on the roles of two major 
signaling pathways, activin/Smads and estrogen/ERs, in the differential regulation of 
FSHP and LHP promoter activities (Chapter 3). Finally, by serial 5，deletion 
experiments, several Smad responsive elements (SRE) and estrogen responsive 
elements (ERE) were localized on the FSHp and LHp promoters, respectively. The 
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functionality of the elements found was further confirmed by site-directed 
mutagenesis (Chapter 4). 
With tremendous bioinformatics information available, the present study in the 
zebrafish will surely help develop an important platform for understanding more 
about the transcriptional regulation of gonadotropin expression in fish. As a top 
vertebrate model, the information obtained in the zebrafish will contribute to our 
general knowledge on gonadotropins and their regulation in vertebrates as a whole. 
- . ‘ . . . . . . • ‘ 
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Chapter 2 Cloning of Zebrafish FSHp and LHp Promoters 
2.1 Introduction 
As mentioned previously in Chapter 1，FSH and LH play great roles in reproductive 
development and function, by regulating all major reproductive processes including 
steroidogenesis, gametogenesis and ovulation. Both hormones are secreted by the 
gonadotrophs of the anterior pituitary. Throughout the reproductive cycle, the two 
gonadotropins exhibit both synchronized and distinct patterns of expression and 
secretion (10). Thus, studies that focus on how FSH and LH are differentially 
regulated in such a fine way are important. 
While the a subunit of gonadotropins is expressed independently and in excess, the 
biologically specific P subunits are expressed in restricted cell types and their 
expression is the primary rate-limiting step in the overall production of FSH and LH. 
Thus, the present study will focus on the (3 subunits. The literature that defines the 
regulatory roles of GnRH, steroids and activin on FSHP and LHp expression is 
abundant. Despite extensive studies on the regulation of gonadotropin subunits, 
particularly the a subunit, the transcription factors and molecular mechanisms 
involved, however, are not as well documented yet. This is particularly true for 
FSHP. 
To dissect the molecular mechanisms involved in the differential regulation of FSHp 
and LHp expression at the transcriptional level, the present study was undertaken to 
isolate the putative promoter regions of both FSHp and LHp genes of the zebrafish, 
which represents the first step towards further analysis of their functionality. In 
teleosts, only four FSHP and five LH(3 promoters have been cloned so far. They are 
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the FSH(3 promoters of tilapia (182), black carp (187)，goldfish (188) and chinook 
salmon (183); and the LHP promoters of common carp (189), tilapia (182), black 
carp (187), goldfish (190) and chinook salmon (184). Among them, functional 
studies have been performed only on tilapia FSH(3 promoter, and both FSHP and 
LHp promoters of chinook salmon. 
Recently, the full-length cDNAs for both zebrafish FSH(3 and LHp have been cloned 
in our laboratory (8). Based on the cDNA sequences, I first cloned zebrafish FSHp 
and LHP promoters by using genome-walking approach followed by homology 
search in the Zebrafish Genome Project Database. The functionality of the two 5' 
regulatory regions was further confirmed by transient transfection of the 
promoter-reporter constructs into the mouse gonadotroph cells, LPT2. 
2.2 Materials and Methods 
2.2.1 Chemicals 
All chemicals were purchased from Sigma (St. Louis, MO), enzymes from Promega 
(Madison, WI), and media for cell culture from Gibco BRL (Gaithersburg, MD) 
unless otherwise stated. The SEAP reporter plasmid (pSEAP-2 Enhancer) was 
purchased from Clontech (Palo Alto, California). 
2.2.2 Animals 
Zebrafish {Danio rerio) were obtained from local pet market and maintained in 
flow-through aquaria (1000 liter) at 25C on a 14L:10D photoperiod. The fish 
were fed twice a day with commercial tropical fish food. All experiments were 
performed under license from the Government of the Hong Kong SAR and endorsed 
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by the Animal Experimentation Ethics Committee of the Chinese University of Hong 
Kong. 
2.2.3 Isolation of genomic DNA 
Genomic DNA was isolated from zebrafish blood using PUREGENE DNA 
Purification Kit (Centra Systems, Minneapolis, MN) according to the manufacturer's 
protocol. Briefly, the zebrafish blood (2 |J1) was added to a microtube containing 
300 |il Cell Lysis Solution, and quickly pipetted up and down 3-5 times to lyse the 
cells. Two RNase A Solution was then added to the cell lysate. The sample was 
mixed by inverting the tube 25 times and incubated at 37C for 30 min. The sample 
was allowed to cool to room temperature. One hundred pi Protein Precipitation 
Solution was then added to the RNase A-treated cell lysate, vortexed vigorously for 
20 sec, and centrifuged for 3 min at full speed. The supernatant containing the 
DNA was then transferred to a new microtube containing 300 i^l isopropanol, mixed 
by inverting gently 50 times, and centrifuged for 1 min at full speed. The 
supernatant was discarded and the pellet washed with 300 |il 75% ethanol. The 
pellet was allowed to air-dried for 10 min and dissolved in 100 DNA Hydration 
Solution for one hr at 65C. 
1.2.4 Cloning of promoters of zebrafish FSHB and LHB from the genomic DNA 
The zebrafish genomic DNA obtained was used for cloning zebrafish FSHp (zfFSHP) 
TlVl -
and LHP (zfLHP) promoters using the Universal GenomeWalker Kit 
(CLONTECH Laboratories, Palo Alto, CA). 
To identify the promoter region of the zfFSHp gene, a specific primer 
(5AGTGATGGAGATGTTGGTGAGTCGACAGC-3') corresponding to +106 to 
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+134 (numbered according to the sequence of the full-length cDNA with +1 being 
the first base of the cloned cDNA, GenBank accession No.: AY424303) was used for 
genome walking. The purified genomic DNA was first digested by Dm I, EcoR V, 
Pvu II, and Stu I separately. After ligation with the Genome Walker Adaptor, four 
different digested genomic DNA libraries were obtained. The initial PCR was 
performed by using the above gene-specific primer and the Adaptor Primer 1 
supplied with the Genome Walker Kit, and this was followed by a second round of 
PCR using the nested Adaptor Primer 2 from the kit and another gene-specific primer 
nested to the first primer (5'-CCGGCAACAGCAGCGCCAGAACAAGC-3') 
corresponding to +37 to +62 of the zfFSHp cDNA. A specific PCR fragment of 
-1200 bp from the EcoR V library was isolated by gel electrophoresis, ligated into 
pBluescript II KS (+) through T/A cloning and subsequently transformed into DH5a 
competent cells. A positive clone was identified and sequenced. As the cloned 
sequence was found to be corresponding to an intron sequence, new primers were 
then designed based on the sequences near the 5’ ends of the genome walking 
product to perform round of genome walking. Similarly, a round of genome 
walking was performed to obtain a positive clone containing the 5' sequence of the 
cloned cDNA. The sequence was then blasted against the Zebrafish Genome 
Project Database to identify the promoter region of the zfFSH(3 gene. 
Oligonucleotide primers (5 ‘-ACAGTCAGAATGGACGACCTCAAAGC-3') from 
the 3rd genome walking product (start from +9 of the zfFSHp cDNA) and 
(5'-GTGATTGTAGTGCGAAGGTTGTGGGTGTG-3') from the Zebrafish Genome 
Project Database sequence (4524 bp upstream from this site) were used for PCR 
amplification of a 4515 bp region of the zfFSHp promoter. This fragment was 
isolated by gel electrophoresis, cloned into pBluescript II KS (+) through T/A 
cloning, and both strands sequenced using the ABI PRISM® BigDye™ Terminator 
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Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, Foster City, CA) followed by 
analysis on the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, 
CA). 
To isolate the promoter region of zfLHp gene, a primer (5 '-ACCGGGTATGTGAT 
CTGCGGGTCC ACG-3') corresponding to +351 to +376 of the cloned zfLHp cDNA 
(GenBank accession No.: AY424304) was used for genome walking as described 
above for cloning zfFSHp promoter. The second round of PCR used the nested 
Adaptor Primer 2 from the kit and the nested gene-specific primer 
(5'-AGGCTGTTGTAAGTGTCTCTGCGTGTCC-3') corresponding to +13 to +40 
of the zfLHp cDNA. A specific PCR fragment of �1800 bp from the Stu I library 
was isolated by gel electrophoresis, cloned into pBluescript II KS (+) through T/A 
cloning and both strands sequenced after generating a series of overlapping 
subclones with exonuclease III and mung bean nuclease. 
2.2.5 Construction of the reporter plasmids containing zebrafish FSHB and LHB 
promoters 
To construct SEAP reporter plasmids, zfFSHp promoter (4515 bp) regions with 
length ranging from 1000 bp to full length, and zfLHP promoter (1796 bp) regions 
with length ranging from 280 bp to full length were amplified by polymerase chain 
reaction (PCR) using gene-specific primers. All the sense primers were designed 
with a sequence (S'-CCGCTCGAG) for a Xhol site at their 5’ ends, whereas the 
antisense primers were designed with a sequence (S'-GGAATTC) containing an 
ECORI site at their 3，ends. PCR was performed on the Thermal Cycler 9600 
(Eppendorf, Hamburg, Germany) in a final volume of 50 |il containing 1 X Pfu 
buffer, 0.2 mM dNTPs, 0.2 ^M each primer and lU Pfu DNA polymerase. The PCR 
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profile included an initial denaturation at 94C for 2 min, followed by 32 cycles at 
94C for 30 sec, 56�C for 30 sec and ITC for 1-9 min, and a final extension for 10 
min at 72�C • The PGR products were then digested with Xhol and EcoRI, purified 
and subcloned to the respective sites of the promoter-less pSEAP2-Enhancer reporter 
vector (Clontech, Palo Alto, California). 
2.2.6 Cell culture and transient transfection 
The LPT2 cells, a mouse gonadotroph cell line, were generously provided by Prof. 
Pamela Mellon (University of California, San Diego). The cells were cultured in 
DMEM medium supplemented with 10 % fetal bovine serum (Hyclone Laboratories, 
Logan, UT) at 37°C with 5% CO2. 
For transient transfection, the cells were plated for 24 h before transfection in a 
24-well plate with 4-5 x 10^  cells in 0.6 ml medium in each well. Afterwards, the 
cells, at 60-80% confluence, were transfected with the pSEAP/zfFSHp or 
pSEAP/zfLHp reporter plasmids with different lengths of promoters by using 
Lipofectamin™ 2000 transfection reagent (Invitrogen Corporation, Carlsbad, CA). 
The internal control plasmid pSV-p-galactosidase (Promega) was co-transfected at 
the same time. In each experiment, the empty vector was used to balance DNA 
amount when necessary. The transfection was performed according to the 
manufacturer's protocol. Briefly, two transfection reagent was first diluted with 
50 serum-free medium and incubated at room temperature for less than 5 min. 
The diluted transfection reagent was then added to the microtube containing 500 ng 
of the reporter plasmid and 400 ng pSV-(3-gal in 50 serum-free medium. After 
mixed well by pipetting, the mixture was incubated at room temperature for 20 min, 
and finally added drop-wise to the cells. The transfected cells were incubated for 
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48 h before collection of the medium for SEAP reporter gene assay. 
2.2.7 SEAP reporter gene assay 
The secreted human placental alkaline phosphatase (SEAP) reporter gene assay 
(Roche, Mannheim, Germany) is a chemiluminescent assay for the quantitative 
determination of SEAP activity in the culture medium of transfected cells. It was 
used to investigate the activities of FSHp and LHp promoters in the LpT2 cells. 
The SEAP gene product was secreted from the transfected LPT2 cells and therefore 
could be easily detected in the culture medium. 
To assay SEAP activity, the medium (100 i^l) was collected from each well and spun 
for 2 min to pellet cell debris. The supernatant (50 jxl) was collected from each 
sample and then diluted with 150 Dilution Buffer in a microfUge tube. After 
incubation in a water bath for 30 min at 65�C，the diluted samples were transferred 
to ice bath. After centrifuged for 30 sec, ten [i\ of the heat-inactivated diluted 
samples were transferred to a LumiNune™ 384 MicroWell™ plate (Nalge Nunc 
International, Rochester, NY) followed by addition of 10 iil Inactivation Buffer. 
After a 5-min incubation period at room temperature, ten of Substrate Reagent 
(9.5 |il Substrate Buffer + 0.5 [i\ Alkaline Phosphatase Substrate) was added to each 
well. The mixture was incubated for 10 min at room temperature with gentle 
rocking. Light emission was visualized, quantified and analyzed with the 
Lumi-Imager™ (Roche). 
2.2.8 p-galactosidase reporter gene assay 
All the transfections were normalized by co-transfection of equal amount of 
pSV-P-galactosidase expression vector (400 ng/well) as an internal control. 
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Following the final incubation, the medium was removed, and cells were washed 
twice with ice-cold phosphate-buffered saline (PBS, pH 7.4, Mg2+-and Ca^'^-free). 
Cells were lysed in the wells by addition of 150 1 x Reporter Lysis Buffer 
(Promega). The lysate from each well was transferred to a microfuge tube, 
vortexed vigorously for 10 sec and then centrifuged at 14,000 x g for 2 min at 4 � C . 
Fifty |xl supernatant of each sample was transferred to 96-well plate containing 50 |xl 
2 X Assay Buffer (Promega) in each well. After incubation at 37°C for 2 h, one 
hundred and fifty pi of 1 M sodium carbonate was added to stop the reaction. 
Finally, the absorbance of the samples was read at 420 nm in a microplate 
spectrophotometer (Molecular Devices, Sunnyvale, CA). 
2.2.9 Data analysis 
All the experiments were performed at least twice, and all the treatments were 
carried out in triplicate in each experiment. All values were expressed as the mean 
士 SfiM. The data were analyzed by Student's/-test or one-way ANOVA followed 
by Newman-Keuls test. P < 0.05 was considered statistically significant. 
2.3 Results 
9.1.1 Cloning of zebrafish FSHB and LHB promoters 
Previous studies from our laboratory identified the 5'-ends of zfFSHP and zfLHP 
cDNAs by 5'-RACE (rapid amplification of cDNA end). The transcription start 
sites were designated at -22 bp and —66 bp upstream of the translation starting signal 
(ATG)’ respectively, for zfFSHP and zfLHp (Genbank Accession No.: AY424303, 
AY424304). Using gene-specific primers designed from the 5'-end sequences of 
the zfFSHp and zfLHp cDNAs, the 5’ flanking regions of zfFSHp and zfLHp genes 
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were amplified by genome-walking and cloned as described in the Materials and 
Methods. The sequence of the 4515 bp 5'-flanking region of the zfFSHp gene is 
shown in Fig. 2-1 and the sequence of the 1796 bp 5'-flanking region of the zfLHp 
gene is shown in Fig. 2-2. 
2.3.2 Sequence characterization of zebrafish FSH(3 and LH(3 promoters 
The sequences of zebrafish FSHP and LH(3 promoters share high homology with 
those of goldfish FSHp and LHp promoters respectively, at least in the proximal 
promoter regions, which show about 70% sequence identity between positions -1 and 
-500 (Fig. 2-3 and Fig. 2-4). 
TFSearch (internet address: http://www.cbrc.i p/researcli/db/TFSEARCH. htm 1), 
Matlnspector (internet address: http://www.genomatix.de/cgi-bin/eldorado/main.pl) 
and TESS: Transcription Element Search System (internet address: 
「、， http.://wvvwxbil ‘uoeiin.edu/tess/) were used to analyze both zfFSHp and zfLHp 
promoters for potential transcription factor binding sites. The positions of the 
putative responsive elements on zfFSHp and zfLH(3 promoters are shown in Fig. 2-1 
and Fig. 2-2, and schematic diagrams showing these elements on zfFSHp and zfLHp 
promoters are shown in Fig. 2-5 and Fig. 2-6. These potential cis-2icXmg motifs are 
either identical or highly homologous with the consensus sequences. 
Some of the czs-acting elements have been demonstrated to regulate the expression 
of glycoprotein hormone genes in other mammalian or fish species, including 
activating protein-1 site (AP-1) (TGAG/CTCA)，estrogen-responsive element (ERE) 
(GGTCA/TGACC) or its half site, cAMP-responsive element (CREB), Fast-1 
SMAD interacting protein (Fast-1), SMAD 3 responsive element (Smad 3)，SMAD 4 
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responsive element (Smad 4)，SP-1 transcription factor (SP-1), pituitary specific 
POU homeodomain protein (Pit-la), pituitary homeobox factor-1 (Pitx-1), c-Jun 
binding site (cJun) and CCAAT/enhancer binding protein (C/EBP). 
2.3.3 Basal zfFSHB and zfLHB promoter activities in LBT2 cells 
To test the functionality of the cloned zfFSHp and zfLHp promoters, a series of 
successive 5，deletion constructs was prepared for each promoter. The 
pSEAP/zfFSHp and pSEAP/zfLHp reporter constructs were transfected into LPT2 
cells. Analyses indicated that all pSEAP/zfFSHp constructs are functional, but with 
different levels of promoter activity. As shown in Fig. 2-7，as the promoter length 
of pSEAP/zfFSHp constructs increased from 0 p to 2800 bp, the SEAP reporter 
activity increased accordingly, and the highest basal promoter activity was observed 
with pSEAP/zfFSHP(-2800). However, further increase in promoter length 
significantly reduced the activity. 
....-- - • • 
A similar phenomenon was also observed with pSEAP/zfLHp reporter constructs 
(Fig. 2‘8). The SEAP reporter activity gradually increased when the promoter 
length of the pSEAP/zfLH(3 constructs increased from 0 bp to 1100 bp. However, 
after reaching the peak level at 1100 bp, a sudden and dramatic decrease of SEAP 
reporter activity was observed when the promoter length increased from 1100 bp to 
1400 bp. The basal promoter activities of both pSEAP/zfLHP(-1400) and 
pSEAP/zfLH(3(-1800) dropped to the level comparable to that of the control. 
Within this region of zfLH promoter, three tandem repeat sequences, each of which 




In the present chapter, the promoters of zfFSH(3 and zfLHp genes with respective 
sizes of 4515 bp and 1796 bp were cloned and characterized. Sequence analysis did 
not reveal potential CCAAT and TATA boxes in proximal regions of both zfFSHP 
and zfLHP promoters, which is similar to the situation in the tilapia FSHp promoter 
that no CCAAT and an untypically located TATA was found. It has been suggested 
that, as in many TATA-less promoters, other motifs such as Sp-1 and/or GC box 
might instead served as the initiators for transciption (25). Besides, alignment of 
zebrafish FSHp and LHp promoters with goldfish FSH(3 and LHP promoters 
demonstrated high homology for each gene, at least in the proximal promoter region. 
Transiently expressed pSEAP/zfFSHp and pSEAP/zfLHp reporter constructs in the 
LpT2 cells confirmed the functionality of both promoters. Transfection of 5' serial 
deletion constructs which contain different lengths of zfFSHp and zfLHp promoters 
showed that the proximal regions of both zfFSHp (-2800 bp) and zfLHp promoters 
(-1100 bp) contain transcription-enhancing elements, whereas the region 
between “2800 bp and -4515 bp of zfFSHp promoter and region between —llOObp 
and “1796 bp of zfLH(3 promoter may contain silencing elements because the 
inclusion of these regions in the reporter constructs led to significant decline of the 
promoter activities. 
Using online searching programmes for transcription factor binding sites, we have 
identified several cw-acting motifs in the 5，flanking regions of zfFSHp and zfLHp 
genes that share similar identity with those consensus sequences found in other 
mammalian and fish genes, suggesting that they may also be involved in the 
regulation of FSHP and LHp expression in the zebrafish. 
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According to the results from other mammalian or fish species, several transcription 
factors and their DNA binding sites identified on zfFSHp and zfLHP promoters may 
be relevant for mediating GnRH, activin or E2 effects on gonadotropin expression. 
For instance, several Smads binding sites and AP-1 sites are present on zfFSHp 
promoter. In rat, it has been shown that overexpression of Smad 3 was able to 
increase FSHp promoter activity (175，176). Whereas the AP-1 sites, where the 
AP-1 complex c-Jun and c-Fos bind, have been demonstrated to activate the 
proximal ovine FSHp promoter (191). Besides, these AP-1 sites are also important 
for mediating the transactivation effect of activin on the promoter (178), and GnRH 
can synergistically work with activin in activating the FSHp expression as 
demonstrated in both ovine (177) and rat (176). These datas imply that the Smad 
binding elements-like sequences and AP-1 sites identified on zfFSHp promoter may 
also be involved in mediating the transactivation effects of activin and GnRH on 
FSHp expression. 
Several CRE motifs are present on the distal region of zfFSHP promoter. The 
inclusion of this region caused a significant decline in the promoter activity. 
Comparison with the elements found on the tilapia FSHp promoter reveals that both 
promoters contain CRE motifs on the regions that resulted in down-regulatory effect 
(25，182). Whether these CRE motifs work as repressors on the basal transcription 
of FSHP will be an interesting issue to address in the future. A similar 
transcriptional inhibitory effect has been reported in the major histocompatibility 
class I promoter, in which, the inducible cAMP early repressor (ICER) represses the 
promoter activity via three distinct CREs on the promoter (192). Another potential 
negative regulatory element on the FSHP promoter may be the estrogen responsive 
element (ERE). As demonstrated in sheep, co-transfection of ERs repressed the 
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proximal FSH(3 promoter activity significantly and the response to E2 was dose 
dependent. The inhibitory effect of E2 on FSH production has also been reported in 
several other species such as pig and cow using in vivo and in vitro approaches (193， 
194). Thus, the CREs and EREs found on FSHp promoter may be important for 
down-regulating the basal and Ei-induced expression. 
On zfLHp promoter, sequence analysis revealed the presence of EREs, Pitx-1 and 
SP-1 sites. In mammals, all four transcription factors, Spl, SF-1, Egr-1 and Pitx-1 
and their binding sites have been shown to work synergistically to mediate the 
transactivation effect of GnRH on the rat LHp promoter (165, 167). Unlike the 
situations in mammals, no Egr-1 responsive elements have been found on teleost 
promoters (25). It was therefore suggested that estrogen receptors (ERs) are able to 
function in place of Egr-1 in teleosts. As demonstrated in chinook salmon LHp 
promoter, ER, SF-1 and Pitx-1 have a synergistic interaction with each other in 
mediating GnRH activation (186). Apart from mediating the stimulatory effect of 
GnRH, ERs may also transduce the stimulatory effect of E2 on LHp promoter. Both 
rat and chinook salmon LHp promoters contain several ERE-like sequences on their 
5，regulatory region. Transfection studies showed that, when the rat or chinook 
salmon LHp promoter-reporter constructs were transfected into GH3 cells or cultured 
pituitary cells, E2 treatment significantly stimulated the reporter activities, therefore 
confirming the stimulatory effect of E2 on the LHp expression (172). Thus, these 
EREs, Pitx-1 and SP-1 sites might be responsible for the positive regulation of LHP 
expression. 
Interestingly, when testing the activity of pSEAP/zfLHp with different promoter 
lengths, a sudden and dramatic decrease of SEAP reporter activity was observed 
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when the promoter length of pSEAP/zfLHP constructs increased from 1100 bp to 
1400 bp. The basal promoter activities of both pSEAP/zfLHp(-1400) and 
pSEAP/zfLHP(-1800) dropped to a level as low as the control. Within this region 
of zfLH promoter, three tandem repeat sequences, each of which contains a Pit-la 
site, are identified. Pit-1, refered to as a POU domain transcription factor, is 
required for the differentiation of different pituitary cell types. It has been reported 
that Pit-1 can prevent LHp transcription in mouse (195, 196). It is thus speculated 
that these three putative pit-la sites may be responsible for the down-regulatory 
effect of the distal region of zfLHp promoter. 
Although database search has led to the identification of a number of potential 
cz5-acting sites in the promoters that might be relevant to the regulation of zfFSHp 
and zfLHP expression, their functionality and importance remain to be further 
investigated. This is particularly important when considering the variation among 
different species in terms of the composition and sequence of potential regulatory 
^ elements. Thus, a more comprehensive functional study on zfFSH(3 and zfLHp 
promoters will have to be performed in order to reveal the functions of those 
potential transcription factors and their responsive elements in the regulation of 
zebrafish FSH(3 and LHp expression. Transient transfection experiments using 5' 
serial deletion of the promoters and site-directed mutagenesis of the responsive 
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Figure 2-1 Nucleotide sequence of the promoter region of zfFSHp gene. Partial 
sequence of exon I is shown in capital letters and boxed. The putative 
cis-acting regulatory elements are boxed. AP-1, activating protein-1; ERE, 
estrogen-responsive element; CRE, cAMP-responsive element; Fast-1, Fast-1 
SMAD interacting protein; Smad3, SMAD 3 responsive element; Smad4, 
SMAD 4 responsive element; SP-1, SP-1 transcription factor; Pit-la, 
pituitary specific POU homeodomain protein; Pitx-1, pituitary homeobox 
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L J Fast-1,  
-326 ctcttcaaacagtgtctgagtgtttacagctccgcggaptctaatgaacagtgaaatctgaga.tcaggca 
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Figure 2-2 Nucleotide sequence of the promoter region of zfLHp gene. Partial 
sequence of exon I is shown in capital letters and boxed. The putative 
cis-acting regulatory elements are boxed. AP-1, activating protein-1; 
ERE, estrogen-responsive element; CRE, cAMP-responsive element; 
Fast-1, Fast-1 SMAD interacting protein; Smad3, SMAD 3 responsive 
element; Smad4, SMAD 4 responsive element; SP-1, SP-1 transcription 
factor; Pit-la, pituitary specific POU homeodomain protein; Pitx-1, 
pituitary homeobox factor-1; cJun, c-Jun binding site; C/EBP, 
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Figure 2-3 Align|nent of FSHB promoter sequences of goldfish (gfFSH) and 
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Figure 2-4 Alignment of LHB promoter sequences of goldfish (gfLH) and zebrafish 
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Figure 2-7 Basal zfFSHB promoter activities in LBT2 cells. SEAP reporter 
plasn i^ds (500 ng/well) containing deletions of zfFSHB promoter were 
prepared and cotransfected with pSV-6-gal (400 ng/well) into IBT2 i 
cells I followed by incubation for 48 h. The SEAP activity was 
I 
normalized to that of B-gal and presented as the percentage of the basal 
SEAlj activity of the promoter-less construct (pSEAP) used as the 
negative control. All transfection were carried out in triplicate and were 
expressed as the mean 土 SfiM. The data were analyzed by one-way 
ANOVA followed by Newman-Keuls test. Bars labeled with different 
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Figure 2-8 Basal zfLHB promoter activity. SEAP reporter plasmids (500 ng/well) 
containing deletions of zfLHB promoter were prepared and 
CO transfected with pSV-B-gal (400 ng/well) into LBT2 cells followed 
by incubation for 48 hThe SEAP activity was normalized to that of 
B-gal md presented as the percentage of the basal SEAP activity of 
the prbmoter-less construct (pSEAP) used as the negative control. All 
transfection were carried out in triplicate and were expressed as the 
mean ± SEM. The data were analyzed by one-way ANOVA followed 
by Newman-Keuls test. Bars labeled with different alphablets were 
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Chapter 3 Roles of Activin/Smads and estrogen/ERs in the 
Regulation of Zebrafish FSHp and LHp Promoter Activity 
3.1 Introduction 
Extensive studies have been performed on the regulatory effects of 
gonadotropin-releasing hormone (GnRH), sex steroids (e.g., estrogen) and paracrine 
peptides (e.g., activin) on the expression of FSH and LH. 
GnRH positively regulates both FSH and LH expression. The differential 
regulation of FSH and LH by GnRH is mediated by the differences in the pulse 
frequency of GnRH released, as demonstrated in both in vivo and in vitro 
experiments (19, 20). Faster GnRH pulses preferentially induce LHp expression, 
while slower GnRH pulses lead to higher FSHp expression (21). Such differential 
regulation of gonadotropins by pulsatile GnRH might be regulated, in part, by the 
difference in GnRH receptor expressed (24). The difference in signaling cascades 
employed by GnRH might also be responsible for the differential regulation of FSHP 
and LHp by GnRH. In teleosts, GnRH regulates both a and LHP expression via the 
PKC-ERK and PKA-ERK cascades, while the expression of FSHP is regulated 
through a PKA-dependent but ERK-independent cascade [for review, see Yaron et al 
(25)]. There has been evidence that GnRH transduces its signal through the 
recruitment of different transcription factors and responsive elements on the FSHP 
and LHP promoters. As demonstrated in rat LHP promoter (165, 167)，Spl, SF-1, 
Egr-1 and Pitx-1 interact synergistically to mediate the transactivation activities of 
GnRH. However, on the FSHp promoter, two proximal AP-1 sites are responsible 
for mediating the GnRH transactivation effect (178)，as demonstrated in both sheep 
(177) and rat (176). 
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Compared with the extensive studies performed on how GnRH differentially 
regulates FSHp and LH[3 expression, researches on the molecular mechanisms by 
which activin and estradiol regulate these two hormones are relatively limited and 
the information available remains rather inconclusive. 
In mammals, both in vivo and in vitro experiments have shown that activin is able to 
stimulate FSH biosynthesis and secretion (99，102-105, 112-116, 195, 196). On the 
contrary, treatment with its related proteins inhibin (102，106-108) or follistatin 
(107-109) resulted in suppression of FSH expression or decreased FSH serum level. 
Except in sheep, activin, inhibin and follistatin do not have any effect on LH 
biosynthesis in all mammalian species examined so far. In sheep, treatment of the 
pituitary cells with activin and inhibin resulted in dose-dependent suppression and 
activation of GnRH-induced LH release, respectively (106, 117). Apart from the 
ovine pituitary, previous studies from our laboratory have demonstrated that activin 
is able to stimulate goldfish FSHp expression but inhibits LHp expression (118，119)， 
whereas its binding protein, follistatin, acts in an opposite way (118). These data 
served as the first report that suggested differential regulatory roles of the activin 
system in regulating FSH and LH expression in lower vertebrates. Using goldfish 
FSHP promoter, it was further proven that the stimulatory effect of activin was 
mediated at the promoter level (120). 
As a member ofTGF-P superfamily, activin activates intracellular signal transduction 
pathway by binding to activin receptors (types lA, IB, IIA, and IIB). Upon activin 
binding, the type II receptors are first activated. By using their intrinsic kinase, they 
then phosphorylate the type I receptors. The phosphorylated type I receptors further 
activate the signaling pathway by phosphorylating specific transcription factors, the 
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Smad proteins. Both Smad 2 and Smad 3 are the receptor-regulated Smads 
(R-Smads) that are first activated by the phosphorylated type I receptors. After 
phosphorylation, the Smad 2 or 3 forms a complex with the common partner Smad 4 
(Co-Smads). This complex then translocates to the nucleus to regulate target gene 
transcription. Activin signaling is also subject to the regulation by another type of 
Smads, the inhibitory Smads (I-Smads) such as Smad 7，which antagonize the 
signaling induced by Smad 2，3 and 4 (121-124). 
The L|3T2 cells are mature mouse gonadotroph cell line that is able to express both 
FSHp and LHp subunits, activin receptors and all the downstream signaling 
molecules involved in the transcriptional process. It is the only gonadotroph cell 
line available up till now, and as the signaling mechanisms among different 
vertebrate species are generally well conserved, researchers studying gonadotropin P 
promoters of different species generally employed LpT2 cells. Our previous 
experiments demonstrated that after transfection into the LpT2 cells, the goldfish 
Smad proteins cloned in our laboratory were able to regulate the activity of goldfish 
FSHp promoter, with Smad 2 and 3 being stimulatory and Smad 7 inhibitory (120). 
Unfortunately, no information is available for goldfish LHp promoter. With both 
FSHp and LH(3 promoters are available now in the zebrafish (Chapter 1)，it is 
therefore interesting to investigate whether zebrafish FSHp and LHp expression are 
also differentially regulated by activin/Smads signaling pathway at the promoter 
level. 
In the rat, it is well documented that estrogen (E2) exerts negative feedback effect on 
the expression and secretion of both FSH and LH. Gonadoectomy results in 
increased serum FSH and LH levels, whereas E2 replacement reverses the situation 
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(35-38). However, in teleosts, the situations are somehow different. Ovariectomy 
in both rainbow trout and coho salmon resulted in up-regulation of LH expression 
(41, 42); however, castration in Atlantic salmon caused a decrease in LH level (43). 
Most in vivo and in vitro experiments performed in fish species like rainbow trout, 
goldfish, coho salmon, black porgy, Mediterranean sea bass and European eel 
showed a positive regulatory effect of E2 on LH expression (44-50). Similar 
experiments have also been done on FSH. Gonadoectomy in Altantic salmon 
resulted in decreased plasma FSH level, suggesting positive feedback effect (43). 
However, gonadoectomy in coho salmon produced contradictory results (41). E2 
implantation or injection in several fish species like rainbow trout, coho salmon and 
Mediterranean sea bass decreased plasma FSH levels (41，48，50). Although both 
in vivo and in vitro experiments carried out in goldfish demonstrated positive effects 
of E2 on FSH expression (52), most experiments in other species suggested that E2 
had negative effect on FSH expression. The studies performed so far in various fish 
species indicate that the effects of E2 on FSH and LH biosynthesis vary greatly 
among different species. Apart from species difference, the variation may also be 
due to the differences in developmental stage and maturity of the animals used. 
The biological effects of E2 are predominantly mediated through its intracellular 
receptors, estrogen receptors (ERs). Upon binding to the ERs in the cytoplasm, E2 
induces a conformational change of the receptors, which promotes dimerization of 
ERs to form E2-ER complex. This complex then binds to specific sites on the 
regulatory regions of target genes, the estrogen responsive elements (EREs), to up or 
down regulate gene transcription. 
The differential effects of E2 on gonadotropin expression have also been examined at 
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the promoter level. Co-transfection of ovine FSHp/LUC reporter construct and ER 
expression construct into primary pituitary cell cultures showed that the 
transcriptional activity of FSHp promoter was inhibited by 50% upon E2 treatment 
(83). As for LHP promoter, when the rat LHp/CAT reporter construct was 
transfected into GH3 cells, the CAT reporter activity increased significantly upon E2 
treatment (172). This approach involving co-transfection of zfFSHp and zfLH|3 
promoter-reporter constructs and ER expression constructs may be a valuable tool for 
us to verify whether E2 can differentially regulate FSHp and LHp expression in the 
zebrafish at the promoter level. 
In this chapter, zebrafish ERs (ERa, ERpA and ERpB) and Smad 4 were amplified, 
cloned and their expression constructs were prepared. These and goldfish Smad 2， 
3 and 7 already cloned in our laboratory will be employed in the transfection 
experiments to investigate the roles of Smads and ERs in mediating the regulatory 
effects of activin and E2 on zebrafish FSHp and LHp expression. 
3.2 Materials and Methods 
3.2.1 Chemicals 
Most chemicals used in this part have been described in Chapter 1. The goldfish 
Smad 2，3 and 7 expression constructs were previously cloned in our laboratory 
(120). 
^•2.2 Animals 
The acquisition, maintenance and handling of zebrafish (Danio rerio) have been 
described in Chapter 1. 
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3.2.3 Isolation of total RNA 
Total RNA was isolated from zebrafish ovaries or pituitaries using TRI Reagent 
(Molecular Research Centre, Inc, Cincinnati, OH) according to the manufacturer's 
protocol. Briefly, each sample was homogenized in 200 |xl Tri Reagent in a 1.5 ml 
microtube. Fifty [d chloroform was then added to the tube, vortexed, and 
centrifuged for 20 min at 4�C. The aqueous phase from the sample was transferred 
to a new tube containing 100 jil isopropanol, vortexed, allowed for RNA 
precipitation at -20�C for 10 min, and centrifuged for 30 min at 4°C. After washing 
with 75% DEPC-ethanol and air dried for 5 min, the RNA pellet was dissolved in 10 
\i\ DEPC-H2O for reverse transcription (RT). 
3.2.4 Rapid amplification of full-length cDNA (RACE) 
Based on a partial cDNA sequence (AF229175), gene-specific primers for 
zebrafish Smad 4 were designed for 5'-RACE and 3'-RACE respectively, to amplify 
the 5'-region and 3,-region of the cDNA using SMART™-RACE cDNA 
Amplification Kit (ClontechLaboratories, Inc., Palo Alto, CA). The 5'-RACE and 
3，-RACE products were cloned into pBluescript II KS (+) through T/A cloning for 
� 
sequencing. Both strands of the RACE were sequenced using the ABI PRISM 
BigDye丁M Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, Foster 
City, CA) followed by analysis on the ABI PRISM 3100 Genetic Analyzer (Applied 
Biosystems, Foster City, CA). 
3.2.5 Construction of expression plasmids 
Based on the full-length cDNA sequence of the cloned zebrafish Smad 4，and the 
published cDNA sequences of zebrafish ERa, ERpA and ERpB (NM_152959, 
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NM_180966 and NM_174862), the expression plasmids for Smad 4，ERa, ERp A and 
ERpB were generated by PGR using primers that flank the entire coding region. 
All the sense primers were designed to contain the Kozak sequence (5，-CCACC-3，） 
just before the start codon to ensure efficient translation initiation. Also, all the 
primers have restriction sites added at the 5'-end (Table 3-1). PGR was performed 
on the Thermal Cycler 9600 (Eppendorf, Hamburg, Germany) in 50 reaction 
containing 1 X Pfu buffer, 0.2 mM dNTPs, 0.2 yM each primer and 3 U Pfu DNA 
polymerase, by using ovarian (for Smad 4) or pituitary (for ERs) reverse 
transcription (RT) products as the templates. The PGR profile included an initial 
denaturation at 94�C for 4 min, followed by 35 cycles at 94°C for 30 sec, 56°C for 30 
sec and 72�C for 4 min, and a final extension for 10 min at 721：. The PGR product 
was digested with restriction enzymes as listed in Table 3-1 and ligated into vector 
pBK-CMV (Stratagene) to generate the pBK-CMV/Smad 4, ERa, ERP A and ERpB 
expression constructs. 
Table 3-1, Primers used for construction of expression plasmids 
Gene Primer Expected size Restriction site 
zfSmad 4 sense： 5'^GGAATTCCCACCATGTCCATCACAAACACTCC-3' 1644 bp EcoR I 
Antisetise: 5 '-CCGCTCGAGTCAGTCTAACGGTGTGGGGT-3 ‘ Xho I 
ZfERol Sense: 5‘^GGAATTCCCACCATGTACCCTAAGGAGGAGCAC-3‘ 1710 bp EcoR I 
Antisense: 5 '^CCGCTCGAGTCAGGGGTCAGGGCTATGGC-3 ‘ Xho I 
zfERBA Sense： 5 '-GGAATTCCCACCATGTCCGAGTATCCCGAAGG-3 ‘ 1662 bp EcoR I 
Antisense: 5‘-GCTCTAGATTAGGGTCCGTGCTGTGAGC-3‘ Xba I 
z f E R p B Sense: 5'-GGAATTCCCACCATGAGCTCCTCCCCTGGACC-3' 1 7 7 9 b p EcoR I 
Antisense: 5'-CCGCTCGAGTCAGTTTGTGTCCATGTCCTC-3' Xho I 
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All the primers were synthesized by Integrated DNA Technologies, Inc. (Coralville, 
lA) 
3.2.6 Cell culture and transient transfection 
The LpT2 cells were cultured and as described in Chapter 2. The transfection 
method has been described previously in Chapter 2 except that in this chapter, all 
wells were transfected with 500 ng of each reporter plasmid, 400 ng expression 
plasmid and 400 ng pSV-p-gal. While the amount of transfection reagent and 
volume of medium used were adjusted according to the ratio as described previously 
in Chapter 2. 
For the experiments on estradiol (E2) effects, the phenol red-free DMEM was 
employed for cell culture and transfection. Twenty-four hrs after transfection, the 
cells in the treatment groups were treated with E2 (100 nM) for 48 hrs, while equal 
amount of the vehicle ethanol was added in the control wells. 
3.2.7 SEAP reporter gene assay 
The method of SEAP reporter gene assay has been described previously in Chapter 2. 
1.2.8 (3-galactosidase reporter gene assay 
The method of p-galactosidase reporter gene assay has been described previously in 
Chapter 2. 
飞？ Data analysis 
All the experiments were performed at least twice, and all the treatments were 
carried out in triplicate in each experiment. All values were expressed as the mean 
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士 SEM. The data were analyzed by Student's t-test or one-way ANOVA followed 
by Dunnett or Newman-Keuls test. P < 0.05 was considered statistically 
significant. 
3.3 Results 
3.3.1 Cloning and sequence characterization of zebrafish Smad 4 fzfSmad 4) 
Our laboratory has previously cloned a cDNA of goldfish Smad 4; however, this 
cloned Smad 4 did not seem to significantly enhance the activities of Smad 2 and 
Smad 3 as demonstrated in other species. Sequence comparison with the molecule 
from other species showed that the cloned form has a deletion in the middle of the 
coding region (120). This deletion has also been detected in the type 3 Smad 4 of 
common carp (GeneBank Accession no.: BAB71794). By using 5, and 3'-RACE 
with gene specific primers designed from the partial sequence of zebrafish Smad 4 
(GeneBank Accession no: AF229175), the full-length cDNA encoding zebrafish 
Smad 4 was cloned. Zebrafish Smad 4 cDNA is 2740 bp in length including the 
poly(A) tail. The deduced Smad 4 contains 547 amino acid residues as shown in 
Fig, 34，and it shares high sequence homology with the flill-length form Smad 4 
identified in other species such as mouse, rat, human (> 90% identity) (197-199) and 
common carp (> 97% identity) (GeneBank Accession no.: AB71791) (Fig. 3-2). 
When compared with the three types of Smad 4 identified in common carp, zfSmad 4 
eloned shared highest homology with the type 1 Smad 4 (GeneBank Accession no.: 
BAB71791), less similar to type 2 Smad 4 (GeneBank Accession no.: BAB71792) in 
the C-terminal region and least similar to the truncated form of Smad 4 type 3 
(GeneBank Accession no.: BAB71794) (Fig 3-3). Interestingly, the coding region 
of a shorter form Smad 4 was also cloned and it contains only 505 amino acid 
residues (Fig 3-4). Sequence comparison of the goldfish Smad 4 with these two 
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forms of zebrafish Smad 4 showed that they shared high sequence homology with 
each other, and both goldfish and truncated zebrafish Smad 4 contain an internal 
deletion at the same location in their coding regions. (Fig. 3-5). 
3.3.2 Smads regulate FSHB transcription in LBT2 cells 
Initial sequence analysis of the zfFSHp promoter (-4515 bp) revealed a Smad 
responsive element (SRE) with sequence AGAC on the proximal promoter region, 
and a number of potential AP-1 binding sites with the sequence identical or highly 
homologous to the consensus AP-1 site. Previous study from our laboratory 
demonstrated that goldfish Smad 2, 3 and 7 were able to regulate the transcription 
activity of gfFSHP promoter (120). To determine whether zfFSHp promoter is also 
responsive to Smad proteins, reporter construct pSEAP/zfFSH|3(-2800) was 
transiently transfected into LpT2 cells along with the pBK-CMV/zfSmad 4， 
pBK-CMV/gfSmad 2，3 and 7 expression constructs. 
As shown in Fig. 3-6，overexpression of both regulatory Smads, Smad 2 and 3, 
increased the transcriptional activity of zfFSHp promoter, although the effect of 
Smad 2 was not statistically significant and Smad 3 overexpression showed more 
potent stimulatory effect. Overexpression of the common Smad, zfSmad 4，also 
increased the expression level of zfFSHp promoter; however, its co-expression with 
either Smad 2 or Smad 3 led to a much significant synergistic effect for both Smad 2 
and Smad 3. The inhibitory Smad, Smad 7, on the other hand, almost abolished 
Smad 2 or Smad 3-induced transcriptional activity of zfFSH(3 promoter. 
3.3.3 Smads regulate LHB transcription in LBT2 cells 
Along the 1796 bp of zfLHp promoter cloned, no consensus Smad responsive 
elements could be found by sequence analysis. As previous studies from our 
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laboratory in goldfish showed that activin had inhibitory effect on gfLHp expression 
(119)，it would be interesting to investigate if similar effect also exist for zfLHp 
expression at the promoter level involving Smads. To test this hypothesis, the 
cloned zebrafish Smad 4，and goldfish Smad 2, 3 and 7 expression constructs were 
transiently co-transfected with the pSEAP/zfLHp(-1100) reporter construct into the 
LPT2 cells either alone or in combination. As the basal LH promoter activity was 
extremely low, an ERa expression construct was co-transfected along with the 
reporter construct and Smad constructs in order to increase the basal activity. The 
effects of Smads on zfFSHp and zfLHp promoters are described below. 
In contrast to the effects on zfFSHp promoter, overexpression of Smad 2, 3 and 4 
alone all down-regulated zfLHp promoter activity (Fig. 3-7). When the common 
zfSmad 4 was co-expressed with Smad 2 or Smad 3，a greater inhibitory effect was 
observed and the SEAP activity was down-regulated more significantly with Smad 2. 
Overexpression of Smad 7 alone, however, resulted in a significant stimulation of 
zfLHp promoter activity’ therefore confirming the functional role of Smad 7 in 
inhibiting the effects of Smad 2 and Smad 3. 
3 T4 Functionality of the two forms of Smad 4 cloned 
As mentioned previously, our laboratory has previously cloned a cDNA of goldfish 
Smad 4，which contains an internal deletion in the coding region. It has been 
proposed that this deletion may be the cause for its lack of activity in regulating the 
goldfish FSHp promoter (120). As a similar truncated form of zebrafish Smad 4 
was also cloned in the present study, it would be interesting to investigate whether 
this internal deletion has any effect on the function of Smad 4. The 
pSEAP/zfFSHp(-2800) reporter construct was co-transfected with the two different 
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forms of zebrafish Smad 4 expression constructs respectively into the LpT2 cells 
either alone or in combination with goldfish Smad 2 or Smad 3 expression constructs. 
As shown in Fig 3-8, overexpression of both forms ofzfSmad 4 up-regulated zfFSHp 
promoter activities and the difference of their effects was not statistically significant 
(Fig. 3-8). When these two forms of zfSmad 4 were co-expressed with Smad 2 or 
Smad 3，greater stimulatory effects were observed. These datas indicate that the 
function of zfSmad 4 in stimulating zfFSHp promoter activity is not affected by the 
internal deletion in its coding region. 
3.3.5 Estrogen and ERs regulate zfFSHB transcription in LBT2 cells 
To determine if estradiol (E2) has any effect on the transcription rate of zfFSHp 
promoter and the involvement of ERs in the regulation, the reporter construct 
pSEAP/zfFSH|3(-2800) was co-transfected with different types of ER expression 
constructs (pBK-CMV/ERa, ER^A and ERpB) into the LPT2 cells. The results 
，々 showed that all three types of ER expression constructs were able to down-regulate 
the basal zfFSHp promoter activity, with ERa overexpression showing the most 
potent and significant suppressive effect (Fig. 3-9). Moreover, co-transfection of 
the ER expression constructs completely abolished Smad 3-induced zfFSHP 
promoter activity (Fig. 3-10). The inhibitory effect of ERs on Smad 3-induced 
zfFSHP promoter activity was further reduced in the presence of E2 (100 nM) (Fig. 
3-11). 
” 6 Estrogen and ERs regulate zfLHB transcription in LBT2 cells 
To demonstrate the transcriptional regulation of zfLHP promoter by zebrafish ERs, 
the reporter construct pSEAP/zfLH|3(-1100) was co-transfected with ERa, ERpA and 
ERPB expression constructs respectively, in the LpT2 cells. Interestingly, opposite 
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to their inhibitory effects on zfFSHp promoter as demonstrated above, all three forms 
ofzebrafish ERs caused a dramatic increase in zebrafish LHp promoter activity (Fig. 
3-12). In the presence of E2 (100 nM), the zfLH|3 promoter activity induced by all 
forms of ERs was further increased by more than two folds (Fig. 3-13). 
3.4 Discussion 
In this study, a full-length cDNA of zebrafish Smad 4 was cloned and sequenced, 
together with the coding region of another truncated form. The full-length zebrafish 
Smad 4 shows high amino acid sequence homology with that of other species such as 
mouse, rat, human (197-199) and common carp. Among the three types of Smad 4 
identified in common carp, zebrafish Smad 4 shares the highest homology with the 
full-length form (type 1 Smad 4). The full-length zfSmad 4 significantly increased 
zfFSHp promoter activity alone and exhibited potent synergistic effect with Smad 2 
and Smad 3, which is expected for Smad 4 as a Co-Smad. Previously, our 
laboratory has also cloned a full-length Smad 4 in goldfish; however, this cloned 
goldfish Smad 4 has a deletion in the middle of the coding region and it does not 
show significant effect on goldfish FSH(3 promoter activity alone or in combination 
with Smad 2 and Smad 3 (120). Interestingly, the truncated form ofzfSmad 4，with 
an internal deletion in its coding region at the location similar to that of gfSmad 4’ 
was also cloned in this study; however, this shorter form was also able to stimulate 
both basal and Smad 2 or Smad 3—induced zfFSHp promoter activity to the levels 
comparable with that of the full-length form. These results indicate that the 
function of zfSmad 4 is not affected by the internal deletion, which is in contrast to 
our previous prediction in goldfish that the internal deletion might be responsible for 
the lack of function of gfSmad 4. In goldfish, it has been demonstrated in our 
laboratory that the truncated form of gfSmad 4 are predominantly expressed, while 
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the expression of full-length form of Smad 4 was rather low, thus it has been 
unsuccessful in the isolation and functional study of the difference in the two forms 
of gfSmad 4 (data not shown). As truncated form of Smad 4 was also identified in 
common carp, more efforts have to be paid in studying the importance of the 
existence of truncated forms Smad 4 in these species, perhaps by more 
comprehensive studies on their expression patterns and functions. 
LPT2 cells are a mature gonadotroph cell line capable of expressing high level of 
endogenous activin, which is likely responsible for the activities of Smads in the 
absence of exogenous activin. In our previous study, both goldfish Smad 2 and 
Smad 3 overexpression resulted in significantly higher gfFSH(3 promoter activity, 
while Smad 7 overexpression down-regulated the SEAP reporter expression (120). 
Besides, when the expression construct carrying truncated form of activin type II 
receptors was co-transfected with both Smad 2 and 3 expression constructs into 
LPT2 cells, the stimulatory effects of both Smads were nearly completely abolished 
(data not shown), suggesting that activin is likely the major ligand in activating the 
Smad signaling pathway and involved in regulating gfFSHp expression. 
In the present study, it was found that the effects of Smad proteins on zebrafish FSHp 
promoter were similar to those reported in goldfish. Also in agreement with the 
observation in goldfish, the effect of Smad 3 overexpression was much higher than 
that by Smad 2, suggesting Smad 3 may serve as the main regulatory Smad in 
activin-stimulated FSHP expression. This also agrees with a recent report in the 
rat (175). Smad 7，which acts as inhibitory Smad, nearly abolished the stimulatory 
effect of Smad 2, 3 and 4 on zfFSHp promoter activity. These results proved that 
the Smad signaling pathway works well in the LPT2 cells to mediate the stimulatory 
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effect of activin also on zfFSHp promoter. To more clearly demonstrate the effects 
of Smad proteins on regulating zfFSHp expression and avoid misinterpretation of 
Smads function by the non-specific effects of Smad proteins on the promoter, 
dominant negative Smad constructs could be used for further confirmation. 
In goldfish, it has been demonstrated that activin stimulates FSHp expression but 
inhibits LHp expression in vitro (118, 119). To test if the Smad signaling system is 
also involved in regulating zebrafish LHp expression at the promoter level, 
experiments were performed in the present study to co-transfect the Smad 2, 3，4 and 
7 expression constructs with the promoter reporter construct pSEAP/zfLHP(-1100) 
into the LPT2 cells. Interestingly, overexpression of Smad 2，3 and 4 all led to 
significant inhibition of zfLHp promoter activity. However, Smad 2 and Smad 3 
alone showed similar inhibitory effects, which was different from their effects on 
zfFSHP promoter on which Smad 3 showed much higher stimulatory effect than 
Smad 2. Co-transfection of Smad 4 with Smad 2 and 3 enhanced the inhibitory 
effects to a greater extent, although only the effect with Smad 2 was statistically 
significant. Excitingly, but also as expected, Smad 7 overexpression significantly 
stimulated the SEAP reporter expression, which was opposite to the effects of Smad 
2，3 and 4. Altogether, these results demonstrate that the Smad signaling pathway is 
also involved in the regulation of zfLHp expression. Since it exerts inverse effects 
on the expression of zfFSHp and zfLH|3 at the promoter level, this signaling pathway 
is likely involved the differential regulation of the two gonadotropins in the 
zebrafish. 
Although, most in vivo and in vitro experiments performed in teleosts have shown 
that E2 positively regulates LHP expression (44-50) but negatively regulates FSHp 
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expression (41, 48，50). There is currently no report on the effect of E2 on the 
regulation of FSHp and LH(3 expression in the same species and at the promoter level. 
With the promoters of zebrafish FSHp and LHp isolated, we performed experiments 
in the present study to examine the effects of zebrafish estrogen receptors ERa, pA 
and pB on the transcriptional activities of zfFSHp and zfLHp promoters in the LpT2 
cells in the presence or absence of estradiol. 
Interestingly, estradiol and all three forms of its receptors had significant but inverse 
effects on zfFSHp and zfLHp promoters, and these effects were opposite to those of 
Smad signaling system. Overexpression of ERa, pA and pB were able to increase 
zfLHP transcriptional activity drastically. Upon E2 treatment, the stimulation 
further increased by one-fold. This positive regulation of zfLHp expression through 
ER activation is similar to that demonstrated in the rat (172). In contrast, 
transfection of ERa, pA and pB expression constructs caused a great inhibition of 
both basal and Smad3-induced zfFSHp promoter activity, and the presence of E2 led 
to a further reduction by 50%. This inhibitory effect of E2-ER on zfFSHp promoter 
is similar to the observation that ovine FSHp promoter was down-regulated by E2 
treatment (83). These results clearly demonstrated that E2 and its receptors may be 
one of the key factors in the differential regulation of the two gonadotropins in the 
zebrafish, and probably other vertebrates as well. However, the system obviously 
works differently from the activin/Smads system. 
After demonstrating the functional importance of the Smad proteins and ERs in the 
differential regulation of zfFSHp and zfLHp expression at the promoter level, 
identifying their corresponding c/j?-acting elements on both gonadotropin promoters 
will naturally be the next target to pursue. 
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For Smad proteins, it has been demonstrated that both Smad 3 and 4 are able to bind 
directly to the DNA motif “GTCT，，or “AGAC，，(130) on the target gene promoters 
to exert various regulatory effects. However, apart from co-operating with their 
positive and negative co-regulators, Smads can also form complex with other 
transcription factors and bind to their corresponding responsive elements on the 
promoters. For instance, Smads can interact with transcription partners such as 
FAST-1, FAST-2, ATF2, AP-1 (cJun/cFos), PEBP2/CBF, SIPI, vitamin D receptor, 
glucocorticoid receptor, Evi-1, Hoxc-8, and Gli3 etc (134-137). Thus, apart from 
the Smad-binding sites “GTCT” or “AGAC，，on promoters, the binding sites of other 
transcription partners that interact with Smads may also be the targets for mediating 
the Smad functions. On zfFSHP and zfLHp promoters, apart from the typical 
Smad-binding elements “GTCT’’ or “AGAC，，，a number of FAST-1 binding sites and 
cJun/cFos AP-1 binding sites are also identified. The functionality of these 
potential responsive elements found on zfFSHP and zfLH(3 promoters and their 
involvement in Smad signaling will be tested and discussed in Chapter 4, 
While the consensus sequence of the estrogen responsive element (ERE) comprises 
the perfect palindromic sequence "AGGTCAnnnTGACC". Studies have shown 
that promoters which contain imperfect or half ERE sequence may also respond to 
estrogens and their receptors (63, 64), although their transcriptional activities and 
binding affinities for ERs are generally weaker (65). Moreover, there have been 
numerous reports that many E2-regulated genes do not even contain any ERE-like 
sequences on their promoters. The agonist-bound ERs can regulate gene 
transcription without direct DNA binding in an ERE-independent manner. By 
interacting with other transcription factors (e.g., N F K B , SP-1, AP-1 etc.,) (75-77), the 
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E2-ER complex can regulate gene transcription via the cz5-regulatory elements of 
these collaborating transcription factors. Thus, the ERE-like sequences and the 
AP-1 or SP-1 sites found on zfFSHp and zfLHp promoters may also play roles in 
estrogen-ER signaling. The functional importance of these c/^-regulatory elements 
will also be addressed in the following Chapter. 
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Figure 3-2 Alignment of deduced amino acid sequences of mouse, rat, 
human, zebrafish and common carp Smad 4. The sequences 
shaded in red indicate the identical amino acid residues. The 
sequences shaded in blue indicate similar amino acid residues. 
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Figure 3-3 Alignment of deduced amino acid sequences of zebrafish Smad 4 
and common carp Smad 4 (type 1 to 3). The sequences shaded in 
red indicate the identical amino acid residues. The sequences 
shaded in blue indicate similar amino acid residues. 
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Figure 3-4 DNA and deduced amino acid (AA) sequences of the coding region of 
truncated form of zebrafish Smad 4. 
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I 
f-all-length zebrafish smad 4 1 诚 4 4 
truncated zebrafish siaad 4 1 jgSw^flaWEACISIVaaEa^t^ISS-雅Hap^tSSIiV^^ 44 
goldfish Sr‘ad 4 1 44 
cc聽:.n carp Sn^d 4 type 3 1 jUHsijplp&CIJ；VHSiUQlBg^a^Sll^Sp^lSS^yTKKi 44 
full-length zsbrafiah ainad 4 45 3£ 
truncated zebrafish smad 4 45 養 3E goldfish Srr^ d 4 45 — I r3tmSffKGJMIP9l02Vi;igyam們ft—9£ 
cc.ittr.c.n carp Sr^ ad 4 type 3 45 32 
^ull-length zebrafish smad 4 39 I I I I 132 
truncated zebrafish SBiad 4 35 婦jglti^ill丨丨“丨••’ i ‘ I “ C^^gYHY)^ 132 
goldfish 4 39 ^ | a ^ ^ g g W t l B ^ T O :�FAF : > L K C : : S V C V H g ? ^^ 132 
ccrarac-n carp Srr.ad 4 type 3 85 
f.jil二-length zebrafish arnad 4 133 
truncated zebrafish SKiad 4 133 ^gf^^^sgggsg^-3sjjjjjjjglHl龙.gji^TSGHji 
goldfish Sr.ad 4 133 1"5 
coinr-:.n carp Srr.ad 4 type 3 133 , 1 | | — |丨丨 1 , I ― 丨 • _ F i I 剛 
full-length zebrafish smad 4 17S BB^BN^TCfelMWll^^jipill" j H 
truncated zebrafish smad 4 ：丄5 
goldfish Sr^ ad 4 17€ 嫩 棚 鄉 ？ 经 2 1 & 
cc-mr-c-n carp 弓 type 3 177 |l |||| l|lli"|(f t _ _ 川^il" " •"d^SajP增：二 
full-length zebrafish smad 4 220 QPGS%1.SGSHSSCSLLQIAS3T3035QQKG;fPP'3CTS^YMKK|t 2€3 
truncated zebrafish sKiad 4 220 
goldfish Sr.ad 4 220 P 三三丄 
ooitET.c-n carp. Srr‘Ad 4 type 3 221 •E.---
full-length zebrafish，mad 4 264 307 
truncated zebrafish sr^d 4 222 • s j t ^ M i l ^ i ^ ^ ^ g ^ g i g g g ^ g ^ i ^ ^ P ^ ^ 义 
aoldfish Sr^d 4 222 2 “ 
carp 4 tv-pe 3 223 二“ 
fui:_ler-gth zebrafish amad 4 303 l^SKHPAHMBBlP^^IBK^^ll^Fl^sg^•；"g^^SSYVg 3.5丄 
tr-ancated zebrafish sr^d 4 26£ ！gIjiiHwCS:AYBaCV‘”G£^rigT|寧PrVTi^Y^ .3�5’ 
goldfish 4 266 翔 
comrr-cn carp Sr^d 4 type 3 26S 冠 3 C & 
full-lencth zebrafish sn&d 4 352 395 
truncated zebrafish aitiad 4 310 353 
goldfish 3r.ad 4 31G iP5SSfTt^^^:§5?^!ftgJ»:£S3^:J!:«3R3VG:SCKGSCO?m’ 353 
carp Sr.Ad 4 type 3 310 H ^ g g g c j l p： ! ^ - 啦 : S R齡 E I G K O T C L E :細 3 5 3 
f-all-isr.cfth zebrafish smad 4 356 !.' • i.M!丨�,丨iAgsrAVHKf^.SAYryvf^!；^^^ 43 5 
rruncated zebrafish smad 4 354 ^DiUkVIVQaYiXCBEAGPAgsrAVI-IKIl'PS^K^Tr^"^ 
goldfish Sr^d 4 354 取PHAVFVQSYYLCRSfcgRAPgtA耀:YFS&YZKVITZiBaql 357 
二c.iRrr,:.n carp Srr.ad 4 type 3 354 ^^KA”gVQ3Y,iXi:3tSA3RAg3:AVHK:YgSA:»:rKVn：二RQC” 357 
ful二一length zebrafish amad 4 4 4C I g S g G S V G G 4 £ 3 
rrunclted zebrafish sniad 4 399 44丄 
goldfish Srr^ d 4 395 丄 
comr.c.n c a r p Sr^td 4 t y p e 3 353 
z e b r a f i s h a n a d 4 4 64 I K Z I P C W I E ^ g ^ 5二， 
truiicated zebrafish sinad 4 44: 4S5 
a.:.ldfi，h 3r.ad 4 442 teG^gDli^RLC:Z.W4gfWQWOP!:YgRQ9IKSriK:WI£:HI^ 4£5 
ic.mrr..:.n carp S~ad 4 type 3 442 pg£c;::LRM8rVKGWGP：YrS二3IKSr^CWIS：：4'c5 
full-length zsbrafish anad 4 523 l^ caLIiSgVLHIMglAI^ E^ BgLSl 547 
rruncated zebrafish aciad 4 B I U P M M B H B B B I 525 
g o l d f i s h S r ^ d 4 M M B M ^ B B B B B B 5C5 
coron'.c.n carp Sr^d 4 type 3 € • B B B B H B E H l 5：5 
Figure 3-5 Alignment of deduced amino acid sequences of the full-length and 
truncated forms zebrafish Smad 4 and that of goldfish and common 
carp type 3. The sequences shaded in red and blue indicate the 
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Figure 3-6 Ejffects of overexpressing goldfish Smad 2, 3, and 7 and zebrafish 
Smad 4 on zebrafish FSHB promoter in the LBT2 cells. Cells were 
cb-transfected with the pSEAPy^FSHB(-28(X)) promoter construct 
(500 ng/well), pSV-B-gal (400 ng/well) and either pBK-CMV or 
iiidicated Smad expression plasmids (each type 400 ng/well) 
followed by incubation for 48 h PBK-CMV vector was used to 
balance the amount of DNA when necessary. The SEAP activity 
w as normalized to that of B-gal and presented as the percentage cf 
�. the basal SEAP activity of the promoter-less construct (pSEAP) 
used as the negative control. All transfection were carried out in 
tijiplicate and were expressed as the mean 土 SEM. The data were 
ajialyzed by one-way ANOVA followed by Newman-Keuls test. 
Bars labeled with different alphablets were considered statistically 
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Figure 3-7 Effects of overexpressing goldfish Smad 2，3, and 7 and zebrafish 
Smad 4 on zebrafish LHB promoter in the LBT2 cells. Cells were 
co-transfected with the pSEAPMLHB(-llOO) promoter construct 
(500 ng/well), pSV-B-gal(400 ng/well)，ERa expression construct 
(300 ng/well) and either pBK-CMV or indicated Smad expression 
plasmids (400 ng/well) followed by incubation for 48 h 
PBl|:-CMV vector was used to balance the amount of DNA when 
necessary. The SEAP activity was normalized to that of B-gal and 
presented as the percentage of the basal SEAP activity of the 
promoter-less construct (pSEAP) used as the negative control. All 
transfection were carried out in triplicate and were expressed as 
the mean 土 SEM. The data were analyzed by one -way ANOVA 
foll(pwed by Newman-Keuls test. Bars labeled with different 
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Figure 3-8 Eifects of overexpressing full-length and truncated forms of 
zebrafish Smad 4 on zfFSHB promoter in the LBT2 cells. Cells 
were CO transfected with full-length and truncated forms of 
zfSmad 4 expression construct (400ng/well), pSV-B-gal (400 
n^/well), pSEAP/zfFSH6(-2800) either alone or in combination 
I 
with Smad 2 or 3 expression plasmids (400 ng/well) followed 
i . 
incubation for 48 h PBK-CMV vector was used to balance 
the amount of DNA when necessary. The SEAP activity was 
normalized to that of B- gal and presented as the percentage cf 
i 
the basal SEAP activity of the promoter-less construct (pSEAP) 
I 
used as the negative control. All transfection were carried out in 
triplicate and were expressed as the mean 土 SEM The data 
I wtre analyzed by one - way ANOVA followed by 
N^wman-Keuls test. Bars labeled with different alphablets were 
i 
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Figure 3-9 Effect of overexpressing zebrafish ERa, BA and BB on the basal 
activity of zfFSHB promoter in the LBT2 cells. Cells were 
co-transfected with the pSEAP^FSHB(-2800) promoter construct 
(500 ng/well), pSV-B-gal (400 ng/well) and either pBK-CMV or 
indicated ER expression plasmids (400 ng/well) followed by 
incubation for 48 h The SEAP activity was normalized to that of 
德 
6-g^ and presented as the percentage of the basal SEAP activity of 
the promoter-less construct (pSEAP) used as the negative control. 
！ 
All transfection were carried out in triplicate and were expressed as 
the mean 土 SEM. The data were analyzed by one-way ANOVA 
followed by Newman-Keuls test. Bars labeled with different 
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Figure 3-10 feffect of overexpressing zebrafish ERa, BA and BB on the 
Smad 3-induced activity of zfFSHB promoter in the LBT2 
bells. Cells were co-transfected with the 
I 
pSEAP/zfFSHB(-2800) promoter construct (500 ng/well), 
pSV-B-gal (400 ng/well), Smad 3 expression construct (400 
ng/well) and either pBK-CMV or indicated ER expression 
plasmids (400 ng/well) followed by incubation for 48 h The 
I 
SEAP activity was normalized to that of B-gal and presented 
as the percentage of the basal SEAP activity of the 
oromoter-less construct (pSEAP) used as the negative control. 
All transfection were carried out in triplicate and were 
bxpressed as the mean 土 SEM. The data were analyzed by 
One-way ANOVA followed by Newman-Keuls test. Bars 
labeled with different alphablets were considered statistically 
different with P<0.05. 
79 
I 





_ • Control 
云 aooD- T ——:E2(100nM� 
h 
> 8 丨腦0-
1 % '5000- . :'i 
# 4000- J 
< ^ 3000- J 
访 ^ 20D0- 1 
CGL /i t 1000- 门 ’； .. - . -0-Lisb Li Li ： 棚 _ n r 1 “ 
I 
pSEAP + - - - - -
pSEAP/zfFSHB(-2800) - + + + + + 
I t 
I 
Smad 3 + + + + 
ER2 • - • + • • 
ERBA - • + • 
I 
ER BB - - - + 
Figure 3-11 Effect of overexpressing zebrafish ERa, BAand BB on the basal 
or Smad 3-activated zebrafish FSHB promoter activity in the 
LBT2 cells in the presence or absence of E2. Cells were 
CO-transfected with the pSEAP/zfFSHB(-2800) promoter 
construct (500 ng/well), pSV-B-gal (400 ng/well) and either 
pBK-CMV or indicated ER expression plasmids (400 ng/well). 
After 24 h incubation, cells were treated with phenol red-free 
medium or E2 (100 nM) for 48 h The SEAP activity was 
normalized to that of B-gal and presented as the percentage of 
the b^sal SEAP activity of the promoter-less construct (pSEAP) 
used as the negative control. All transfection were carried out in 
triplicate and were expressed as the mean 土 SEM. The data 
were analyzed by Student's t-test followed by Dunnett test. 
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Figure 3-12 Effect of overexpressing zebrafish ERa, BA and BB on zebrafish 
LHB promoter activity in the LBT2 cells. Cells were 
co-transfected with the pSEAP/zfLHB(-1100) promoter construct 
(500 ng/well), pSV-B-gal (400 ng/well) and either pBK-CMV or 
indicated ER expression plasmids (400 ng/well) followed by 
incubation for 48 h The SEAP activity was normalized to that of 
p-gal and presented as the percentage of the basal SEAP activity 
of the promoter-less construct (pSEAP) used as the negative 
control. All transfection were carried out in triplicate and were 
expressed as the mean 土 SEM. The data were analyzed by 
one-way ANOVA followed by Newman-Keuls test. Bars labeled 
I 
yvith different alphablets were considered statistically different 
With P<0.05. , 
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Figure 3-13 Effect of overexpressing zebrafish ERa,BAand BB on the basal 
oi^  Erinduced zebrafish LHB promoter activity in the LBT2 
cells. Cells were co-transfected with the pSEAPMLHB (-1100) 
promoter construct (500 ng/well), pSV-B-gal (400 ng/well) and 
ei her pBK-CMV or indicated ER expression plasmids (400 
n如well). After 24 h incubation, cells were treated with phenol 
red-free medium or E2 (lOOnM) for 48 h The SEAP activity 
w^s normalized to that of B-gal and presented as the percentage 
cf丨 the basal SEAP activity of the promoter-less construct 
(pSEAP) used as the negative control. All transfection were 
carried out in triplicate and were expressed as the mean 土 SEM. 
T k data were analyzed by Student's t-test followed by Dunnett 












Chapter 4 Promoter Analysis for Smad Responsive Element and 
Estrogen Responsive Element in Zebrafish FSHp and LHp 
Promoters 
4.1 Introduction 
In the last Chapter, transient transfection assays were performed and the effects of 
over-expressing Smads and ERs on the differential regulation of the two 
gonadotropin p promoters were tested. As mentioned before, a number of 
"responsive element—like，，sequences have been identified in zfFSHp and zfLHp 
promoters, which may be responsible for mediating the signaling of Smads and ERs 
to regulate their transcriptional activities. As the number of potential responsive 
elements identified exceeds 20 on each promoter, detailed studies have to be done to 
verify the functional relevance of each site. 
In mammals, it has been found that the 5' regulatory region of both ovine (152) and 
rat (175) FSHp gene is activated by activin treatment. By performing 5，serial 
deletion experiments on the promoters, it has been found that the activin responsive 
element (ARE) in the rat is located on the proximal (-338) FSHp promoter (175)， 
while the transcriptional activation of the ovine FSHp by activin has been found to 
be mediated by the two proximal AP-1 sites on the promoter (177). Although AREs 
have been identified on the FSHP promoters of these two mammalian species, there 
is currently no report on the identification of any ARE on teleosts FSHP promoter or 
LH(3 promoter of any species. As previously demonstrated in this study, the effect 
of activin on the differential regulation of FSHP and LHp promoters may be 
mediated by the Smad signaling pathways. However, no Smad responsive element 
(SRE) has been identified on these promoters so far. 
83 
The differential effects of E2 on gonadotropin expression have also been examined at 
the promoter level. Transfection studies showed that, when the rat or chinook 
salmon LHp promoter-reporter constructs were transfected into GH3 cells or cultured 
pituitary cells, E2 treatment significantly stimulated the reporter activities, therefore 
confirming the stimulatory effect of E2 on LH(3 expression (172). Estrogen 
responsive elements (EREs) have also been identified on LHp promoters of these 
two species. On the rat LHp promoter, sequence analysis has revealed the presence 
of a 15 bp ERE-like palindromic sequence (GGACACCATCTGTCC) 
between —1173 bp and -1159 bp，which is able to bind ER-complex directly as 
demonstrated by gel retardation experiments (172). In agreement with this, two 
estrogen responsive elements (EREs) have been identified on the 3.5 kb promoter 
region of chinook salmon LH(3 (50). As for FSHp, co-transfection of the ovine 
FSHp/LUC reporter construct and ER expression construct into primary pituitary 
cultures caused a 50% reduction in the transcriptional activity of FSHp promoter 
upon E2 treatment. Deletion studies indicated that the proximal promoter region 
between -105 and -84 bp was essential in mediating this E2 inhibitory effect. 
In order to localize SREs and EREs on zebrafish FSHp and LHp promoters, we 
performed promoter analysis by generating a series of 5，deletion for both zfFSHp 
and zfLHp promoters, followed by co-transfection with either Smad 3 or ERa 
expression construct respectively into the LpT2 cells and SEAP reporter analysis. 
Site-directed mutagenesis has been commonly used in many studies to verify the 
functionality of potential responsive elements on promoters (93，140，181，185). 
Thus, after localization of the potential responsive elements on zfFSHp and zfLHp 
promoters, site-directed mutagenesis on selected elements was then performed to 
84 
functionally verify the importance of each site in mediating Smads or ERs effects. 
Using these approaches, a number of Smad responsive elements (SREs) and estrogen 
responsive elements (EREs) have been successfully identified on zfFSHp and zfLHp 
promoters. 
4.2 Materials and Methods 
4.2.1 Chemicals and animals 
All chemicals and animals used in this part of study were obtained and handled as 
described in previous chapters. 
4.2.2 Construction of SEAP reporter plasmids containing different lengths of 
zfFSHB promoter 
The reporter plasmid pSEAP/zfFSHP(-4515) was constructed as described in 
Chapter 2. The reporter plasmids containing different lengths of zfFSHp promoter 
were generated by PGR using pSEAP/zfFSHp(-4515) as the template. All sense 
primers and antisense primers were designed with Xhol and EcoRI restriction sites 
added at the 5'-end, respectively. The promoter fragments of different lengths were 
amplified and cloned as described in Chapter 2. 
4.2.3 Construction of SEAP reporter plasmids containing different lengths of 
zfLHB promoter 
The reporter plasmid pSEAP/zfLHP(-1796) was constructed as described in Chapter 
2. The reporter plasmids containing different lengths of zfLHp promoter were 
generated by PCR using pSEAP/zfLHP(-1796) as the template. All sense primers 
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and antisense primers were designed with Xhol and EcoRI restriction sites added, 
respectively. The promoter fragments of different lengths were amplified and 
cloned as described in Chapter 2. 
4.2.4 Site-directed mutagenesis 
The c/5-regulatory sites of interest in the cloned zfFSHp and zfLHp promoters were 
mutated using the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene, La 
jolla, CA), according to the manufacturer's protocol. Briefly, the site-directed 
mutagenesis was performed by using primers designed to replace the core sequence 
of the binding sites/responsive elements (Table 4-1). 
Small amount of plasmid DNA, pSEAP/zfFSHP(-4515) or pSEAP/zfLHp(-1796), 
was added as the template to the PGR reaction containing two synthetic 
complementary oligonucleotides, both of which contain the desired mutation. 
During thermal cycling, after separation of the double stranded template, the 
oligonucleotides, each complementary to the opposite strand of the template, were 
extended to generate mutated plasmid containing mutated sequences on both strand 
with staggered nicks. Following the PGR, Dpn I digestion was performed to digest 
th© parental DNA template, which is methylated. The nicked plasmid DNA (with 
the desired mutation incorporated on both strands) was then transformed into 
XLIO-Gold ultra-competent E. coli cells (provided with the kit) for nick repair, and 
the transformants selected and plasmids sequenced to confirm the mutation. 
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Table 4-1. Sites mutated 
Promoter & location Normal and mutated sequence Kind of binding site 
FSH -2620 TGATTAAT TTCTTAAT AP-1 
FSH -2600 TGACACA TTCCACA AP-1 
FSH-620 ATCAGTCAT — ATCCTTCAT AP-1 
FSH -220 TGACCTTG -> TTCCCTTG ERE/ AP-1 
FSH -170 CTGTCTCAG -> CTGTAGCAG SRE/AP-1 
LH - 1070 TGACTGACTGACCGT-^ AP-1 
TGAAGGACTGACCGT 
LH -1060 TGACTGACTGACCGT— AP-1 
TGACTGACTTCCCGT 
LH -235 TGACCCTGTACT— AP-1 
TGAAACTGTACT 
LH-110 TGACCTGACA— ERE 
TGAAATGACA 
4 Cell culture and transient transfection 
Cell culture and transient transfection were carried out as described previously m 
Chapter 3. 
A 7 fs fet)orter gene assay 
The method of SEAP reporter gene assay has been described previously in Chapter 2. 
A ？ .7 (3-galactosidase reporter gene assay 
The method of p-galactosidase reporter gene assay has been described previously in 
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Chapter 2. 
4.2.8 Data analysis 
All the experiments were performed at least twice, and all the treatments were 
carried out in triplicate in each experiment. All values were expressed as the mean 
士 SEM. The data were analyzed by Student's 广test or one-way ANOVA followed 
by Newman-Keuls test. P < 0.05 was considered statistically significant. 
4.3 Results 
4.3.1 Localization of Smad-responsive element fSRE) on zfFSHB promoter 
From the results presented in Chapter 3，it was obvious that Smad 3 overexpression 
had stimulatory effect on the transcriptional activity of zfFSHp promoter, and its 
effect was significantly higher than that of Smad 2，suggesting its major role in 
activin-stimulated zfFSHp expression. Thus, all the experiments to localize SRE on 
zfFSHP promoter in this chapter used Smad 3 rather than Smad 2. 
To localize SRE on zfFSHP promoter, a series of 5' deletion constructs containing 
decreasing length of zfFSHP promoter was co-transfected with the gfSmad 3 
expression construct. As shown in Fig. 4-1, co-transfection of LPT2 cells with 
pSEAP/zfF^SHP(-2800) and gfSmad 3 drastically increased the expression level of 
SBAP. It was obvious that the SEAP expression level depended on the length of 
promoter that drove its expression. As the length of zfFSHp promoter increased 
from 0 bp to 2800 bp, both basal and Smad 3-stimulated SEAP activity increased 
accordingly. As the promoter length increased from 0 bp to 190 bp, the first sudden 
increase in SEAP activity occurred. Stepwise addition of the promoter length from 
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190 bp to 240 bp showed another significant increase in SEAP activity, suggesting 
that the proximal promoter region may contain more than two elements that are 
Smad 3 responsive. Sequence analysis revealed an AP-1/SRE and ERE/AP-1 site in 
the —170 and -220 zfFSHp promoter respectively, which may be involved in Smad 
3-induced zfFSHp promoter expression. 
Experiments were also performed on the distal region of zfFSHp promoter to identify 
additional SREs. As shown in Fig. 4-2，two more significant increases in SEAP 
activity were observed when the zfFSHp promoter length increased from 500 bp to 
700 bp and from 2600 bp to 2800 bp, suggesting the presence of potential SREs 
within these regions. However, sequence analysis did not reveal any consensus 
SRE sites in these regions, instead, two putative AP-1 sites were located 
between -2600 and -2620 of zfFSHp promoter and one AP-1-like sequence at -620. 
It would be interesting to examine if these AP-1 sites are involved in Smad signaling. 
The localization of potential SREs involved in the inhibition of zfLHp promoter was 
also performed on the zfLHp promoter (data not shown). However, the effect of 
overexpressing Smad proteins on zfLHp promoter was not high, particularly on the 
proximal zfLHp promoter, making it difficult to identify any specific regulatory 
elements at this moment. Thus, we failed in the localization of functional SRE on 
zfLHp promoter. 
4.3.2 Localization of estrogen-responsive element (ERE) on zfLHp promoter 
It was found in Chapter 3 that the stimulatory effect of ERa overexpression on 
zfLHp transcription seemed to be the greatest among the three forms of estrogen 
receptor examined. Thus, in this section, ERa co-transfection will be employed to 
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localize ERE on zfLHp promoter. 
Similar to that in the last section, to localize potential EREs present on zfLHP 
promoter, a series of 5’ deletion constructs containing decreasing length of zfLHp 
promoter was co-transfected with the ERa expression construct into the LPT2 cells. 
When the promoter length of the pSEAP/zfLH|3 construct increased from 0 bp to 
1100 bp, the SEAP activity of the reporter constructs in response to ERa 
overexpression also increased accordingly (Fig. 4-3). Over the proximal region, as 
the promoter length increased from 0 bp to 230 bp, a significant increase in SEAP 
activity occurred, suggesting that the first 230 bp of zfLHp promoter may contain an 
ERE. Sequence analysis did confirm the presence of an ERE-like sequence at -110 
bp of this region, which might be responsible for the stimulatory effect of ERa. 
In comparison, over the distal region of zfLHP promoter, more EREs were found 
using 5, deletion assays. As shown in Fig. 4-4，two significant increases in SEAP 
activity were observed when zfLHp promoter length increased from 230 bp to 350 bp 
and from 950 bp to 1100 bp, suggesting the presence of at least two more EREs over 
these two regions; however, there was a significant drop of promoter activity at 1400 
bp. Sequence analysis, however, did not identify any consensus ERE or ERE-like 
sequence, but instead, it revealed the presence of two putative AP-1 sites at -1070 bp 
and 一 1 0 6 0 bp of zfLHp promoter and one more AP-1-like sequence at -235 bp. It 
would be interesting to investigate whether these AP-1 or AP-1-like sites are 
involved in ER signaling. 
4.3.3 Localization of estrogen-responsive element (ERE) on zfFSHB promoter 
We also performed experiments to localize the inhibitory EREs on zfFSHp promoter 
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by co-transfecting the 5' deletion constructs of zfFSHp promoter with Smad 3 alone 
or in combination with zffiRa expression construct. However, the transcriptional 
activities of all 5，deletion constructs with different lengths of zfFSHp promoter were 
potently suppressed in the presence of zffiRa (Fig. 4.5). More studies would have 
to be carried out to map the location of functional ERE on the very proximal region 
(<190bp) of zfFSHp promoter. 
4.3.4 Confirmation of SRE by site-directed mutagenesis 
To determine whether any of the SRE or AP-1 sites identified on zfFSH(3 promoter 
was functional, site-directed mutagenesis has been performed on each site alone or in 
combination. As shown in Fig. 4-6，mutation of the proximal ERE/AP-1 site 
at —220 bp or AP-1/SRE site at -170 bp greatly reduced the stimulatory effect of 
Smad 3 on zfFSHp promoter, although they could not completely abolish the effect. 
Double mutations on both, however, did not result in significantly greater inhibitory 
effect. 
Over the distal region of zfFSHp promoter, mutation of the AP-1 sites at -2600 bp 
or -620 bp also resulted in decreased SEAP activities (Fig. 4-7) compared with the 
wild type reporter construct pSEAP/zfFSHp. However, the SEAP expression level 
of the construct with the AP-1 site at—2640 bp mutated did not vary significantly 
from the wild type one, suggesting that this AP-1 at -2620 may not be relevant to the 
Smad activation of zfFSH|3 promoter. 
Double mutation of the AP-1 sites at -2600 bp and -620 bp did not result in any 
further greater decrease in SEAP activity, and triple mutation of the -2600 AP-1 
site, 一220 ERE/AP-1 and -170 AP-l/SRE sites did not differ significantly from the 
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double mutation of -220 ERE/AP-1 and -170 AP-l/SRE sites (Fig. 4-6, 4-8). 
Among all the identified sites, mutation of the proximal -220 AP-l/SRE or -170 
AP-l/SRE site led to the greatest reduction of SEAP activity (Fig. 4-5), indicating 
the importance of these two sites in mediating Smad effect on zfFSHp promoter. 
4.3.5 Confirmation of ERE by site-directed mutagenesis 
Again, site-directed mutagenesis has been performed either individually or in 
different combinations on the (-1100) zfLHp promoter to test the functional 
importance of each ERE or AP-1 site identified by the deletion analysis. As shown 
in Fig. 4-9，mutation of the proximal -110 ERE site completely abolished the 
stimulatory effect of ERa overexpression on the promoter activity of zfLHp. 
While on the distal region of zfLHp promoter, mutation of the —1060 AP-1 or -235 
AP-1 sites also resulted in decreased SEAP activity compared with the wild type 
pSEAP/zfLHP(-l 100) (Fig. 4-10). However, double mutation of these two sites did 
not cause any further suppression of the reporter gene. In comparison, mutation 
of—1070 AP-1 site did not change SEAP activity at all, suggesting that this site may 
not be involved in mediating the stimulatory effect of ERa on zfLHp promoter. 
Among all the identified sites, mutation of the proximal —110 ERE-like sequence led 
to the greatest inhibitory effect on SEAP expression. 
4.4 Discussion 
In this chapter, by performing 5，deletion assay and site-directed mutagenesis on 
zfFSHp and zfLHP promoters, serveral SREs and EREs have been identified with 
their functional importance tested. 
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On the zfFSHP promoter, the -220 ERE/AP-1, -170 AP-l/SRE sites and the AP-1 
sites at 一 6 2 0 and -2600 were confirmed to be responsible for mediating Smad 
transactivation of zfFSHp. Among all the identified sites, the proximal -220 
ERE/AP-1 and —170 AP-l/SRE sites seem to be the most important regulatory sites 
because their absence led to the greatest reduction in SEAP expression. 
Interestingly, similar sites on the proximal FSHp promoter have also been found to 
mediate the stimulatory effect of activin in other mammalian species. For instance, 
an activin-responsive element (ARE) has been located on the proximal (-338) FSHp 
promoter in the rat (175). In ovine FSHp promoter, a 5' deletion assay revealed the 
presence of AP-1 sites on the proximal promoter, which were highly stimulated by 
c-Jun and c-Fos overexpression (191). These two proximal AP-1 sites have also 
been demonstrated to mediate the stimulatory effect of activin on FSHp expression 
(177). There was evidence that Smads might act through these AP-1 sites by 
interacting with their transcription partners cJun/cFos (191). A similar situation has 
also been demonstrated on the mouse GnRH receptor, where the overlapping AP-1 
and SBE sites were found to be important for activin-mediated transcription activity 
(200). 
Interestingly, the two AP-1 sites on the ovine promoter are also important for 
mediating the transactivation effect of GnRH on FSHP expression (178)，and GnRH 
can synergistically work with activin in activating FSHp expression (176，177). 
Thus, it would be interesting to examine if such synergistic interaction exists in the 
zebrafish on zfFSHP expression in the future. 
When the 5，deletion constructs of zfFSHp were co-transfected with the zfERa 
expression construct into the LPT2 cells, all 5，deletion constructs with different 
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lengths of zfFSHp promoter showed great reduction in expression. Unfortunately, 
no functional ERE on zfFSHp promoter was identified in the present study, and it 
remains an issue to be addressed in the future. Our speculation is that the inhibitory 
effect of E2-ER may be mediated by a very potent ERE on the very proximal region 
of zfFSHp promoter, thus the 5，deletion assays performed between -280 and -2800 
bp of the promoter might have not covered this site. This hypothesis can be well 
supported by the observation that the transcriptional repression of the ovine FSHP by 
E2was also mediated by the sequences between -105 and -72 on the very proximal 
region of the promoter. Thus, more fine deletion assays on the more proximal 
region of zfFSHp promoter will be done in the future. 
On zfLHP promoter, the -110 ERE site, -235 and —1060 AP-1 sites were confirmed 
responsible for mediating the transactivation effect of ERa on zfLH(3. Among all 
the identified sites, mutation of the proximal -110 ERE-like sequence showed the 
greatest inhibitory effect on SEAP activity, indicating the importance of this site in 
mediating ERa activation. Similar experiments done in both rat and chinook 
salmon also identified some EREs on their promoters. Sequence analysis of rat 
LHP promoter revealed the presence of a 15 bp ERE-like palindromic sequence 
(GGACACCATCTGTCC) that was responsible for E2 activation of LHp promoter 
and binding with the ER-complex (172). In the chinook salmon, E2 treatment also 
resulted in significant stimulation of the LHp promoter activity and two estrogen 
responsive elements (EREs) have been found on the promoter (50, 184). It is not 
surprising that the AP-1 sites identified on zfLHp promoter may be involved in the 
transactivation of the promoter by ER because many studies have shown that ER 
activation and repression of many target genes are mediated through the interaction 
of ERs with cJun/cFos at the AP-1 binding sites (78-88). 
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In order to further confirm whether the Smads and ERs bind directly to the SREs, 
EREs and AP-1 sites identified on zfFSHp and LHp promoters or indirectly through 
interacting with other transcription factors such as AP-1, electrophoretic mobility 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 5 General Discussion 
5.1 Overview 
Gonadotropins (FSH and LH) are secreted from the anterior pituitary and play very 
important roles in the regulation of reproductive development and functions. Their 
expression is finely regulated by the complex interaction of different factors, which 
act at both hypothalamus and pituitary levels. Among these factors, GnRH, activin 
and gonadal steroids are the major ones involved. Throughout the reproductive 
cycle, the two gonadrotropins are differentially controlled with distinct patterns. 
The difference in pulse frequency of GnRH released from the hypothalamus is 
important for the differential regulation of both FSH and LH expression (21). 
Besides, experiments in both sheep and goldfish have shown that activin regulated 
the expression of FSH and LH in an inverse manner. Recent experiments carried 
out in our laboratory have demonstrated the involvement of Smads signaling 
pathway in activin stimulation of goldfish FSHP expression (117-120). Thus, we 
speculate that the Smad proteins and its signaling pathway may also be involved in 
the down-regulation of LH(3 expression by activin. Moreover, in teleosts, 
increasing evidence shows that the gonadal steroids such as estrogen can 
differentially regulate FSHP and LH(3 expression (44, 46，48). The results of in vivo 
exparimants, however, have been rather contradictory, possibly due to the differences 
in species, developmental stage, and season. In the present study, we have 
parformad expariments to clone the promoters of both zfFSHp and zfLHp, and to 
confirm the functional importance of Smads in the differential regulation of FSHP 
and LH(3 expression, and to verify whether the expression of gonadrotropins is 
differentially regulated by estrogen (E2) and its receptors (ERs), using one of the top 
vertebrate models - the zebrafish. 
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5.2 Contribution of the present research 
In the present study, the promoters of both zebrafish FSHp and LHp were cloned and 
sequenced. The sequences were then subjected to analysis by using three different 
searching programs to screen for potential transcription factor-binding sites. A 
series of potential cw-regulatory elements were identified in both promoters. The 
availability of the two promoters provides a platform for studying the involvement of 
various regulatory factors or transcription factors in the transcriptional regulation. 
The functionality of both zebrafish FSHp and LHp promoters was tested in L|3T2 
cells, a mouse gonadotroph cell line that expresses both gonadotropins, after 
subcloning the promoters upstream of the SEAP reporter gene. Co-transfection of 
Smad 2，3 and 4 was able to differentially activate zfFSHp promoter while inhibit 
that of zjfLHp. While the inhibitory Smad, Smad 7，acted in a reverse way. These 
data confirmed that Smads act as important downstream signaling molecules to 
mediate the differential transcriptional regulation of the two gonadotropins. In 
contrast, overexpression of ERa, (3A and pB down-regulated zfFSHp transcription 
but up^regulated that of zfLHp significantly. Upon E2 treatment, the effects were 
even more potent, thus demonstrating that the E2-ER signaling pathway could 
regulate the gonadotropins expression differentially, at least at the pituitary and 
promoter level These data represent the first report that demonstrates the 
involvamant of activin/Smad and estrogen/ER signaling pathways in the differential 
regulation of FSHP and LHp expression at the promoter level (Fig. 5-1). 
Further promoter analysis by serial deletion and site-directed mutagenesis analysis 
have led to the identification of several Smad responsive elements (SREs) and 
estrogen responsive elements (EREs) on zfFSHp and zfLHp promoters respectively. 
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These findings served as the basis for further investigation of the regulatory 
mechanisms involved. 
5.3 Future research direction 
In the present study, we have demonstrated that activin and estrogen, through their 
signaling pathways involving Smads and ERs, can differentially regulate zfFSHp and 
zfLHp expression, in an opposite way. Through the same signaling pathway, how 
can they induce different regulatory responses? This is one of the challenges in 
future research. Nevertheless, in the present study, other than the typical SRE and 
ERE, several AP-1 sites on both zfFSHp and zfLHp promoters were found to 
mediate the effects of Smad or ER respectively. Thus, it is conceivable that AP-1 
proteins may also be involved in the activin and E2 signaling, and recruitment of 
different transcription partners by Smads and ERs may be one of the mechanisms 
underlying their distinct effects on different target genes. To find out whether 
Smads and ERs directly bind to their corresponding responsive elements to exert 
their regulatory actions and the roles of AP-1 proteins (c-Jun and c-Fos) in these 
regulations and their interaction with Smads and ERs, further studies will have to be 
performed using a variety of other approaches including EMSA, overexpression of 
AP-1 proteins, and mammalian two-hybrid assay. Besides, among all the SREs or 
E R E S identified on the zfFSHP and zfLHp promoters respectively, the most proximal 
responsive elements showed the greatest transactivation effect. Thus, it would be 
interesting to study the spacial effect of responsive elements on the promoters. 
Furthermore, in order to compare and further confirm the relative importance of each 
responsive element found on the promoters, artificial promoter-reporter constructs 
carrying tandem repeats of responsive elements (which serves as the promoter) could 
be constructed and employed in transfection studies. Overall, the present research 
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is just the first step towards further understanding of the molecular mechanisms 




Fig 5-1 The proposed model for the differential regulation of zfFSHp and 
zfLHp expression at the promoter level by activin/Smads and 
estrogen/ERs signaling pathway. 
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